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ABSTRACT
Glow d isch a rg e  e le c t r o n  guns a re  used to  g e n e ra te  con tinuous 
e le c t r o n  beams a t  0.5keV-3.0keV  in  th e  in te rm e d ia te  range of gas 
p re s s u re s  ( 0 . 1mb-10.0mb). Cathodes in c o rp o ra tin g  in t e r n a l  c a v i t i e s  
a r e  used to  g e n e ra te  d i s t i n c t  e le c tro n  beam f i la m e n ts  in  both Helium 
and Argon. The fo rm a tio n  o f such beam f ila m e n ts  h as  been in v e s t ig a te d  
u s in g  a number o f d i f f e r e n t  cathode ty p e s , and c r i t e r i a  f o r  th e  
p ro d u c tio n  of s ta b le  e le c t r o n  beams a re  e s ta b l is h e d .
The p ro d u c tio n  o f an e le c t r o n  beam in  a glow d isch a rg e  i s  la r g e ly  
determ ined  by th e  m otion o f e le c tro n s  i n  th e  Cathode dark  space sh ea th  
re g io n  nex t to  th e  ca thode , and o th e r  d isch a rg e  p ro c e sse s  i n  t h i s  
region,^.. A th e o r e t ic a l  model has been developed to  s im u la te  e le c t r o n  
m otion in  th e  sh ea th  re g io n , and i n  th e  N egative  glow plasm a re g io n , 
of a Helium d isc h a rg e  w ith  a Cathode f a l l  of betw een 150V and 1000V. 
I t  i s  shown th a t  th e  e le c t r o n  f lu x  a t  th e  'sh e a th /N e g a tiv e  glow 
boundary becomes in c re a s in g ly  m onoenergetic a s  th e  Cathode f a l l  r i s e s  
to  1000V. The r e s u l t s  a re  a ls o  compared w ith  experim en ta l s p a t i a l  
em ission  p r o f i l e s  o f th e  glow in  th e  Cathode dark  space and N egative  
glow re g io n s  o f a  helium  d isc h a rg e . In  p a r t i c u la r ,  p ro p e r t ie s  o f th e  
Cathode glow re g io n  in  th e  sh ea th  a re  d isc u sse d . A spects of th e  
th e o r e t ic a l  model and r e s u l t s  from th e  ex p erim en ta l m easurements a re  
a ls o  used to  d is c u s s  d isc h a rg e  p ro cesse s  i n  th e  sh ea th  re g io n  of 
cathodes in c o rp o ra tin g  in t e r n a l  c a v i t i e s ,  and mechanisms le a d in g  to  
th e  fo rm atio n  o f th e  e le c t r o n  beam f i la m e n ts .
The p ro d u c tio n  o f f a s t  e le c t ro n s  in  a glow d isch a rg e  has  a number 
of a p p l ic a t io n s ,  in c lu d in g  th e  e x c i ta t io n  o f g a se s  le a d in g  to  l a s e r  
a c t io n . A spects r e l a t i n g  to  th e  e x c i ta t io n  o f high ly in g  energy 
s t a t e s  in  g ase s , co rresp o n d in g  to  known l a s e r  t r a n s i t i o n s ,  a re
d isc u sse d . I t  i s  shown th a t  th e  p ro d u c tio n  o f helium  io n s , which a re  
r e s p o n s ib le  f o r  th e  e x c i ta t io n  o f m etal atoms v i a  asym m etric charge 
t r a n s f e r  i n  m e ta l io n  l a s e r s ,  i s  t h e o r e t i c a l ly  more e f f i c i e n t  in  an 
e le c t r o n  beam d is c h a rg e . The r e s u l t s  a r e  compared w ith  th e  
th e o r e t i c a l  io n  p ro d u c tio n  r a t e s  in  Hollow cathode d is c h a rg e s , and 
h ig h -v o lta g e  Hollow cathode d e v ic e s . S ev era l e le c tro d e  g eo m e trie s  
u sing  m u l t ip le  a r r a y s  o f e le c t r o n  gun ca th o d es  have been developed .
In v e s t ig a t io n s  o f an e le c t r o n  beam e x c i te d  a rgon  plasm a su g g es t 
t h a t  Ar I I  e x c i te d  s t a t e s  a re  pumped d i r e c t ly  by s in g le  e le c t r o n  
im pacts , even a t  very  low c u r re n t d e n s i t i e s  ('“10”^ A cm "^). From 
p rev io u s  c a lc u la t io n s  u s in g  th e  ' sudden p e r tu r b a t io n ' app rox im ation , 
th o se  io n  s t a t e s  known to  have la rg e  c r o s s - s e c t io n s  f o r  d i r e c t
li 2e le c tr o n  im pact e x c i ta t io n  (3p 4p P) appear to  be fav o u rab ly  pumped in  
th e  e le c t r o n  beam plasm a.
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C hapter 1
1 In tro d u c t io n
1.1 The Im portance of F as t E le c tro n s  in  Ion  Gas L a se rs
E n e rg e tic  e le c t r o n s  can p rov id e  an im p o rtan t source of e x c i ta t io n  
i n  argon  io n  and k ry p to n  io n  r a r e  gas l a s e r s  and a ls o  in  m e ta l io n  
v a p o u r /ra re  g as  l a s e r s .  F a s t e le c t ro n s  can d i r e c t ly  p o p u la te  h igh  
ly in g  energy s t a t e s  co rresp o n d in g  to  th e  l a s e r  t r a n s i t i o n s  and t h i s  i s  
e s p e c ia l ly  im p o rtan t in  io n  l a s e r s  s in c e  th e  upper l a s e r  l e v e l s  may 
l i e  many 1 0 's  o f  eV above th e  ground s t a t e .  The p re c is e  r o le  of f a s t  
e le c tro n s  in  th e  m etal vapour l a s e r s  i s  a i f f e r e n t  to  t h a t  found i n  th e  
argon and k ry p to n  ty p e s , and i t  i s  conven ien t to  d is c u s s  th e  m etal 
vapour l a s e r s  s e p a ra te ly .
1 .1 .1  M etal Ion  V apour/R are Gas Systems
L ase r a c t io n  in  m eta l v a p o u r /ra re  gas m ix tu re s  has been observed  
w ith  th e  r a d ia t io n  d e riv e d  from  bo th  atom ic t r a n s i t i o n s  ( MI )  [1 ] and 
io n ic  t r a n s i t i o n s  (M I I )  [2 ] a s  d e p ic te d  i n  f i g  1.1 and f i g  1 .2 , 
r e s p e c t iv e ly .  However, th e  d ia g n o s t ic s  o f th e  two system s a re  q u i t e  
d i f f e r e n t .  In  bo th  ty p e s , th e  a c t iv e  medium c o n s i s t s  o f an io n is e d  
r a r e  gas plasm a a t  1-100 mb, u su a lly  o f helium  o r neon, which i s  
seeded w ith  th e  m etal vapour a t  a  r e l a t i v e ly  low p a r t i a l  p re s s u re .
E asing  a c t io n  between atom ic l e v e l s  (M I )  in  th e  neon/copper vapour 
l a s e r  fo r  exam ple, h as  a h igh  quantum e f f ic ie n c y  s in c e  th e  upper l a s e r  
le v e l  i s  on ly  a  few eV above ground s t a t e .  The la s in g  a c t io n  in  
copper i s  s e l f - te r m in a t in g  due to  a b u ild -u p  o f atoms i n  th e  low er 
l a s e r  le v e l  which i s  m e ta s ta b le , and a ls o  e n e r g e t ic a l ly  c lo se  to  th e  
ground l e v e l .  T h ere fo re , th e se  l a s e r s  can on ly  o p e ra te  in  a  p u lsed  
mode. M etal io n  l a s e r s  (M I I ) ,  however, can o p e ra te  c o n tin u o u s ly  
s in c e  th e  low er l a s e r  le v e l  i s  w e ll  above ground s t a t e  and pumping by 
d i r e c t  e le c t r o n  im pact i s  co m para tive ly  sm a ll. A p o p u la tio n  in v e rs io n  
can be c re a te d  by p r e f e r e n t i a l  pumping o f th e  upper l a s e r  le v e l  v ia  
c o l l i s io n s  o f th e  second k in d  (eg . charge t r a n s f e r )  in  a d d i t io n  to  
d i r e c t  e le c t r o n  im p ac t. M etal io n  l a s e r s  have a low quantum 
e f f ic ie n q y  s in c e  th e  l a s e r  l e v e l s  a r e  h igh  ly in g  io n ic  s t a t e s .  
T yp ical e le c t r o n  energy d i s t r i b u t io n s  found i n  th e  r a r e  gas p lasm as 
used w ith  each type o f l a s e r  a re  shown in  f i g  1.3» In  th e  a tom ic 
copper l a s e r ,  e le c t r o n s  d e riv e d  from th e  pu lsed  d isc h a rg e  d i s t r i b u t io n
shown in  f i g  1 .3 a  w ith  e n e rg ie s  g r e a te r  th an  eV a re  a b le  to  pump
th e  upper l a s e r  l e v e l ,  and a s ig n i f i c a n t  f r a c t io n  o f th e  e le c t ro n s  in  
th e  d i s t r i b u t io n  can be used [ 3 ] .  In  c o n t r a s t ,  on ly  e le c t ro n s  w ith  
e n e rg ie s  g r e a te r  th an  24.6eV , th e  f i r s t  io n i s a t io n  p o te n t ia l  of 
helium , can be used to  e x c i te  c e r t a in  high ly in g  l e v e l s  by charge
t r a n s f e r  i n  th e  he liu m /Z in c  io n  l a s e r  [4 ] a s  shewn in  f i g  1 .3b .
N e v e rth e le ss , m etal io n  l a s e r s  a re  ab le  to  o p e ra te  co n tin u o u sly  and 
many more m etal v a p o u r /ra re  gas com binations have shown la s in g  a c t io n  
i n  th e  v i s i b l e  re g io n  from io n ic  l e v e l s  th a n  from atom ic l e v e l s .  The 
t o t a l  number o f d i s t i n c t  l i n e s  seen  to  d a te  co v ers  a wide range of 
w aveleng ths from 2500A i n  th e  u l t r a - v i o l e t  to  9000A in  th e  n ea r 
in f r a - r e d  [53 . C ontinuous o u tp u t in  th e  n ea r Uv. i s  p a r t i c u la r ly  
u se fu l in  a  number o f a p p l ic a t io n s  in c lu d in g  atom ic  sp ec tro sco p y  fo r
pumping l a s e r  dyes and i n  UV p h o to - lith o g ra p h y . A spects r e l a t i n g  th e  
o v e ra l l  e f f ic ie n c y  o f th e  m etal io n  l a s e r s  a re  of i n t e r e s t  h e re , and 
atom ic m eta l l a s e r s  a re  n o t d isc u sse d  f u r th e r .
Metal io n  l a s e r s  can be subd iv id ed  in t o  to  two c la s s e s  depending 
upon th e  e le c tro d e  geom etry u sed , which in  tu r n  d e te rm in es  th e  type of 
p laan a  employed a s  th e  a c t iv e  medium. The l a s e r s  use e i t h e r  a 
P o s i t iv e  column d isch a rg e  (PC) a s  i l l u s t r a t e d  i n  f i g  1 .4 a , o r a 
N egative glow d isc h a rg e  (NG). The l a t t e r  type of plasm a i s  u s u a lly  
g en e ra ted  in s id e  a  tu b u la r  cathode a s  a  Hollow cathode d isc h a rg e  (HCD) 
a s  shown in  f i g  1 .4b . Here, advantage i s  ta k en  o f  th e  'Hollow cathode 
e f f e c t '  (HCE) to  c r e a te  a h igh  e le c t r o n  d e n s ity  [ 1 ] .  T ypical e le c t r o n  
energy d i s t r i b u t io n s  fo r  PC and NG plasm as a re  shown in  f i g  1 .5 . The 
e le c tro n  energy d i s t r i b u t i o n  in  th e  P o s i t iv e  column plasm a i s  u su a lly  
c h a ra c te r is e d  by a D ruyvesteyn p r o f i l e  and h as  few er h igh  energy 
e le c tro n s  th a n  th e  ty p ic a l  M axwell-Boltzmann d i s t r i b u t io n .  The NG 
plasm a h as  an energy d i s t r i b u t i o n  th a t  c o n ta in s  a  r e l a t i v e ly  la rg e  
number o f low energy e le c t ro n s ,  and a ls o  a ' t a i l '  of h igh  energy 
e le c tro n s ,  a s  shown in  f i g  1 .3b . These f a s t  e le c t ro n s  b r in g  abou t 
more e f f i c i e n t  pumping o f  h igh  ly in g  m eta l io n  s t a t e s  in  NG plasm as 
through two m ain p ro c e sse s . F i r s t l y ,  M I I  s t a t e s  (M^*) can  be 
po p u la ted  v i a  asym m etric charge t r a n s f e r  in  c o l l i s i o n s  between ground 
s t a t e  r a r e  gas io n s  (R*) and ground s t a t e  m etal atoms (M)
e^ +  R ^  R'*' 4- e^ + Og
where e^ i s  th e  prim ary e le c t r o n  ( f a s t ) ,  e^ i s  th e  secondary e le c t r o n  
(slow ) and AE  ^ i s  th e  k in e t i c  energy c a r r ie d  away by th e  p ro d u c ts  o f
th e  c o l l i s i o n .  Secondly, d i r e c t  e le c t r o n  im pact between f a s t
+ *e le c t r o n s  and ground s t a t e  m eta l atoms produces M s t a t e s  v i a
e^ + M ^  M** + e^ + Cg + A Eg (1 .2 )
A th i r d  type of r e a c t io n  i s  found to  occur f re q u e n t ly  in  bo th  NG and 
PC p lasm as. Ground s t a t e  m eta l atoms a re  e x c i te d  through  im pact w ith  
r a r e  gas m e ta s ta b le s  (R ) (Penning io n is a t io n )
e^ + R ^  R + e^
R* + M ^  R + + 6g + AEg (1 .3 )
The charge t r a n s f e r  r e a c t io n  i s  p a r t i c u la r ly  e f f e c t iv e  a s  an e f f i c i e n t  
pumping mechanism s in c e  i t  i s  a  two body p ro c e ss , and i s  th e r e f o r e  
s e le c t iv e  and re so n a n t over a narrow range of p o s i t iv e  e n e rg ie s  (AE^) 
of only a few te n th s  o f an eV. The c r o s s - s e c t io n s  a re  u s u a lly  h igh  
and a re  ty p ic a l ly  o f o rd e r  10**^^cm^ [ 1 ] .  S e le c t iv e  e x c i ta t io n  o f a 
s p e c i f i c  m etal io n  s t a t e  i s  p o s s ib le  i f  th e  energy le v e l  can  be 
c o r r e c t ly  matched w ith  th e  r a r e  gas io n i s a t io n  p o te n t ia l  ( I ^ )  
( f i g  1 .2 ) .  Helium io n s  (1^= 24.6eV) and neon io n s  (1^=21.5eV) a r e  
u su a lly  used f o r  charge t r a n s f e r  r e a c t io n s  i n  m etal vapour l a s e r s  
s in c e  th e  o th e r  r a r e  g a se s  have io n i s a t io n  p o te n t ia l s  g e n e ra lly  too  
low to  e x c i te  th e  r e le v a n t  m eta l io n  s t a t e s .
Owing to  th e  p resen ce  o f th e se  e n e rg e tic  e le c t r o n s  i n  NG plasm as. 
Hollow cathode d is c h a rg e s  a r e  a b le  to  produce ground s t a t e  helium  io n s  
more e f f e c t iv e ly  th a n  a re  P o s i t iv e  column d e v ic e s . T his i s  r e f l e c te d  
in  th e  r e l a t i v e  number o f m e ta s ta b le s  (R*) and ground s t a t e  io n s  (R" )^ 
in  th e  two ty p e s  o f plasm a. The io n  d e n s ity  i s  ty p ic a l ly  an o rd e r  of
m agnitude l a r g e r  th a n  th e  m e ta s ta b le  d e n s ity  in  a Hollow cathode 
plasm a a s  re p o r te d  by l i j im a  and Takahashi [ 6 ] .  In  a  P o s i t iv e  column 
plasm a, th e  r a t i o  i s  re v e rse d  and th e re  a re  approx im ate ly  te n  tim es  a s  
many m e ta s ta b le s  a s  io n s  [ ? ] .  F u r th e r , Borodin and Kagan [8] ob serv e  
t h a t  in  PC and HCD plasm as o f th e  same p h y s ic a l d im ensions o p e ra t in g  
under i d e n t i c a l  d isc h a rg e  c o n d itio n s ,  th e  e le c t r o n  d e n s i t i e s  a re  2-5 
tim es h ig h e r  in  th e  Hollow ca th o d e . I t  i s  found t h a t  th e  charge 
t r a n s f e r  r e a c t io n  i s  th e  p r in c ip a l  pumping mechanism f o r  many m etal 
io n  s t a t e s  w hich show l a s e r  a c t io n  i n  HCD plasm as [93 . In  most c a se s , 
th e  same le v e l s  do n o t la s e  in  PC plasm as. A few h igh  ly in g  s t a t e s  
a ls o  a re  pumped p a r t ly  by d i r e c t  e le c t r o n  im pact i n  c o l l i s i o n s  w ith  
f a s t  e le c t ro n s  bu t t h i s  mechanism i s  alm ost alw ays observed  on ly  in  
HCD plasm as [103. F in a l ly ,  th e  p ro d u c tio n  o f f a s t  e le c tro n s  in  NG 
p laan as  i s  n o t g r e a t ly  a f f e c te d  by th e  p resence  of m etal vapour which 
has a  low io n i s a t io n  p o te n t i a l .  Hollow cathode d is c h a rg e s  can 
t o l e r a t e  h ig h e r  m eta l vapour d e n s i t i e s  th a n  P o s i t iv e  column d is c h a rg e s  
b e fo re  i n s t a b i l i t i e s  a r i s e .  The a v a i l a b i l i t y  o f a  h igh  d e n s ity  of 
ground s t a t e  m eta l atoms f o r  pumping to  M'*'* s t a t e s  i s  c l e a r ly  
d e s i r a b le .
1 .1 .2  Rare Gas Io n  L a se rs
L ase r a c t io n  i n  th e  r a r e  g ase s  argon and k ry p to n  i s  g en e ra ted  
from t r a n s i t i o n s  betw een e x c i te d  io n ic  s t a t e s  (3p^ 4 p -4 s  i n  Ar I I )  
( f i g  1 .6) and l i k e  th e  m etal io n  l a s e r s ,  th e  r a r e  gas l a s e r s  have a 
low quantum e f f ic ie n c y  bu t can be run  co n tin u o u s ly . D ire c t e le c t r o n  
im pact o f th e  upper l a s e r  le v e l  in  Ar I I  does n o t, by i t s e l f ,  
g e n e ra lly  produce a  p o o u la tio n  in v e rs io n  between th e  4 p -4 s  s t a t e s .  At
th e  e le c tro n  te m p e ra tu re s  o f 2 -6 eV observed  i n  DC a r c  d isc h a rg e s  [1 1 ] , 
only a sm all p ro p o r tio n  o f th e  e le c t ro n s  p o sse ss  s u f f i c i e n t  energy fo r  
th e  s in g le  s te p  p ro c e s s  to  o ccu r. Cascading from  h ig h e r  energy s t a t e s  
acc o u n ts  f o r  a  sm all p e rce n tag e  of th e  t o t a l  pumping. The most 
im p o rtan t p ro c e ss  i s  s tep w ise  e x c i ta t io n  v ia  th e  atom ic and io n ic  
m e ta s ta b le s  and ground s t a t e  io n  l e v e l s .  A p o p u la tio n  in v e rs io n  i s  
ach ieved  a s  a  r e s u l t  o f fa v o u ra b le  t r a n s i t i o n  p r o b a b i l i t i e s  o f  th e  
s u b s ta te s  in  th e  4p and 4s l e v e l s .  The argon plasm a has  to  be run  a t  
h igh  c u r re n t  l e v e l s  in  o rd e r  to  en su re  th a t  s u f f i c i e n t  numbers o f 
argon atoms a re  pumped to  th e  upper l a s e r  le v e l  by s tep w ise  
e x c i ta t io n .  T y p ic a lly , o v e ra l l  e f f i c i e n c i e s  o f  around 0.1% a re  
ach ieved .
In  high v o lta g e  p u lsed  d is c h a rg e s  i n  argon, th e  e le c tro n  energy 
d i s t r i b u t io n  c o n ta in s  g r e a te r  numbers of l a s t  e le c t r o n s  and a  number 
of s t a t e s  w ith in  th e  4p l e v e l ,  which have la rg e  in d iv id u a l  
c ro s s - s e c t io n s  f o r  s in g le - s t e p  e le c tro n - im p a c t, g iv e  r i s e  to  l a s e r  
a c t io n  [1 1 ] . Such s t a t e s  have very  sm all p o p u la tio n s  in  DC d is c h a rg e s  
th rough th e  u su a l s tep w ise  e x c i ta t io n  ro u te s .  Hollow cathode 
d isc h a rg e s  a ls o  have been employed to  g e n e ra te  l a s e r  a c t io n  i n  Ar I I ,  
and s in g le  s te p  e le c t r o n  im pact e x c i ta t io n  o f th e  upper l a s e r  l e v e l s  
a ls o  i s  found to  be one of th e  im p o rtan t pumping mechanisms [1 2 ].
T ra n s it io n s  between e x c i te d  s t a t e s  i n  Ar I I I  and Ar IV can be 
used to  g e n e ra te  l a s e r  a c t io n  i n  th e  UV. When run  c o n tin u o u s ly , 
however, th e  plasm a must be run  a t  very  high c u r re n t l e v e l s  
(~700A.cm~^) [13] to  g e n e ra te  a  h igh  e le c t ro n  d e n s ity  to  promote
adequa te  s tep w ise  e x c i t a t io n  o f th e  s t a t e s  in v o lv e d . In  th e  case  of 
Ar I I I ,  th e se  a r e  70-75eV above th e  ground l e v e l .  The o v e ra l l  
e f f ic ie n c y  o f such d e v ic e s  i s  p re d ic ta b ly  q u ite - lo w  (<0.01% ). S in g le  
s te p  e le c t r o n  im pact e x c i ta t io n  may improve th e  o v e ra l l  e f f ic ie n c y  o f
g e n e ra tin g  l a s e r  a c t io n  in  th e  UV from such h igh  ly in g  l e v e l s .
1 .2  E le c tro n  Beam Pumping o f Gas L a se rs
1 .2 .1  E le c tro n  E n e rg ie s
In  summary, e n e rg e t ic  e le c t r o n s  can be used to  pump atoms to  th e  
upper l a s e r  le v e l  d i r e c t ly  (Ar** s t a t e s )  o r  g e n e ra te  helium  o r neon
io n s  which su b seq u en tly  ta k e  p a r t  in  th e  charge t r a n s f e r  r e a c t io n
(p roducing  M* s t a t e s ) .  To im prove th e  o v e ra l l  e f f ic ie n c y  o f th e  io n  
l a s e r s  d isc u sse d  i n  s e c t io n  ( 1 .1 ) ,  i t  i s  n ecessa ry  to  g e n e ra te  th e  
e n e rg e tic  e l e c t r o n s  d i r e c t ly  w ith  e n e rg ie s  w e ll  above th e  th re s h o ld s  
f o r  th e  r e le v a n t  c o l l i s i o n  p ro c e s se s . The io n i s a t io n  p o te n t ia l  o f 
helium  i s  24.6eV , w hereas th e  io n i s a t io n  c r o s s - s e c t io n  v a r ie s  w ith  
e le c t ro n  energy and peaks around 130eV a s  shown in  f i g  1.7 [1 4 ] ,[1 5 3 . 
To c a lc u la te  th e  optimum energy fo r  th e  f a s t  e le c t r o n s  however, o th e r  
i n e l a s t i c  c o l l i s io n s ,  in  a d d i t io n  to  io n is a t io n ,  must be tak en  in to  
acco u n t. The r e l a t i v e  amount o f e x c i ta t io n  and io n i s a t io n  in  helium  
produced by a  s in g le  f a s t  e le c t r o n  p ro p ag a tin g  th rough  th e  gas h a s  
been c a lc u la te d  by M ille r  [1 6 ] . The energy re q u ire d  to  produce a
s in g le  e l e c t r o n / io n  p a i r ,  averaged  over th e  e n t i r e  p a th  of th e
e le c t r o n  can be d e f in e d  a s :
W (E) = E /  (1 .4 )
where i s  th e  t o t a l  number of e le c t r o n / io n  p a i r s  c re a te d  and E i s
th e  i n i t i a l  energy o f th e  e le c tro n .  The form o f W (E) i s  shown in  
f i g  1 .8 . At low e n e rg ie s  (<100eV), a la rg e  f r a c t i o n  o f th e  i n i t i a l  
e le c t ro n  energy i s  used i n  pumping atoms to  e x c i te d  s t a t e s .  I t  i s  
shown t h a t  e le c t r o n s  w ith  e n e rg ie s  over IkeV a re  th e  most s u i ta b le  f o r  
e f f i c i e n t l y  c r e a t in g  e le c t r o n / io n  p a i r s  in  helium , and th e  average 
energy th e n  l o s t  f o r  each io n is in g  c o l l i s i o n  i s  approx im ate ly  tw ice  
t h a t  o f th e  io n i s a t io n  p o te n t ia l .
The Ar I I  4p s t a t e s  l i e  approx im ate ly  35eV above th e  atom ic 
ground s t a t e ,  and th e  c r o s s - s e c t io n s  f o r  s in g le  e le c t r o n  im pact peak 
around 60-70eV. A s im i la r  c a lc u la t io n  to  t h a t  f o r  helium  to  e s tim a te  
th e  optimum energy to  e x c i te  th e se  Ar I I  l e v e l s  n a s  n o t been c a r r ie d  
o u t by M ille r , bu t i t  i s  ag a in  l i k e l y  t h a t  th e  e le c t ro n s  must have 
e n e rg ie s  s e v e ra l  tim es  t h a t  o f th e  io n i s a t io n  p o te n t ia l .  E le c tro n  
e n e rg ie s  o f perhaps a  few hundred eV a re  re q u ire d . To reduce th e  
p ro p o r tio n  o f c o l l i s i o n s  pumping a tcm ic  l e v e l s  in  fav o u r o f c o l l i s i o n s  
p roducing  e x c i te d  io n ic  s t a t e s ,  i t  i s  l i k e ly  t h a t  th e  optimum e le c t r o n  
energy i s  a ls o  i n  th e  keV ran g e .
These f a s t  e le c t r o n s  may be g en e ra ted  id e a l ly  in  th e  form of a  
m onoenergetic beam d ir e c te d  in t o  th e  gas volume c o n ta in in g  th e  r a r e  
gas o r  m etal v a p o u r /ra re  gas  m ix tu re , which th e n  a c t s  a s  th e  a c t iv e  
medium of th e  l a s e r .
1 .2 .2  T echniques f o r  P roducing E le c tro n  Beams
There a re  a number of methods a v a i la b le  f o r  p roducing  h ig h  energy 
e le c t ro n  beams, and th e s e  have been a p p lie d  to  C arbon-d iox ide o r  
Excimer l a s e r  system s to  p rov id e  th e  e n t i r e  pump power o r 
p r e - io n is a t io n  p r io r  to  th e  main d isch a rg e  p u lse  [1 7 ] ,[1 8 ] .  For 
p r e - io n is a t io n ,  f a s t  e le c t r o n s  w ith  e n e rg ie s  o f a few hundred keV can 
p rov ide uniform  pumping o f  th e  g a in  volume. The e le c tro n s  can be 
g en e ra ted  v ia  th r e e  main p ro c e s se s ;
( i )  f i e l d  em issio n  from a th in  ra z o r  edged co ld  cathode;
( i i )  th e rm io n ic  em issio n  u sin g  a  h ea ted  ca thode;
( i i i )  secondary  em issio n  th rough  io n  im pact on a  cathode s u r fa c e .
The f i r s t  two m ethods can on ly  be o p e ra ted  i n  a h ard  vacuum 
environm ent (10” ^~10~^ mb), w hereas a low p re s s u re  g as  (0 .0 0 1 -1 ,0  mb) 
i s  employed to  p rov id e  th e  n ecessa ry  f lu x  o f io n s  which c o l l id e  w ith  
th e  cathode to  induce  secondary em ission* The e le c tro n s  a re  th en  
a c c e le ra te d  to  h igh  e n e rg ie s  (lOkeV-IMeV) by a la rg e  e l e c t r i c  f i e l d  
and f i n a l l y  p a ss  through  a  t h in  m etal f o i l  which s e p a ra te s  th e  
a c c e le r a t io n  re g io n  from th e  l a s e r  medium. The l a s e r  g as  i s  ty p ic a l ly  
h e ld  a t  1-2 atm ospheres p re s s u re .  Almost w ith o u t e x c e p tio n , e-beam 
d e v ic e s  a re  o p e ra ted  i n  a pu lsed  mode owing to  th e  h igh  v o lta g e s  and 
h igh  power l e v e l s  employed. Those guns r e ly in g  on f i e l d  em issio n  ( i )  
o r  th e rm io n ic  em issio n  ( i i )  under hard  vacuum a re  e a s i ly  damaged by 
vacuum f a i l u r e .  Low p re s s u re  glow d isch a rg e  guns ( i i i )  can , however, 
produce c o llim a te d  p u lsed  beams o f e le c t ro n s  betw een lOkeV and 200keV 
[19] and have been tho ro u g h ly  in v e s t ig a te d  i n  co n n ec tio n  w ith  e le c t ro n  
beam w elding and th e  h e a t  tre a tm e n t of m e ta ls . They a re  g e n e ra lly  th e
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most v e r s a t i l e  and ro b u s t ty p e  of e le c t r o n  gun. E n e rg e tic  io n s ,  
m e ta s ta b le s  and n e u t r a l s  which c o l l id e  w ith  th e  cathode fa c e  to  induce 
secondary em ission  a ls o  a c t  to  remove su rfa c e  im p u rity  la y e r s  th rough 
th e  s p u t te r in g  mechanism. Glow d isch a rg e  e-guns a re  l e s s  s u s c e p t ib le  
to  'po iso n in g *  o f th e  cathode su rfa c e  caused by im p u rity  g a se s  th a n  
e-g u n s r e ly in g  on p ro c e s se s  ( i )  o r  ( i i ) .  Continuous o p e ra t io n  i s  
p o s s ib le  i f  th e  power l e v e l s  employed a re  no t p r o h ib i t iv e ly  h ig h , and 
th e  cathode and f o i l  e lem en ts  a re  ad eq u a te ly  coo led . The e-beam 
c u r re n t  i s  o f te n  l im i te d  by th e  g low -arc  t r a n s i t i o n  caused by 
o v e rh e a tin g  o f th e  cathode fa c e . The use o f e le c t r o n s  o f  in te rm e d ia te  
e n e rg ie s  (5-100keV) d e r iv e d  from  a  con tinuous glow d isch a rg e  gun and 
used in  c o n ju n c tio n  w ith  a  th in  f o i l  window in  a t r a n s v e r s ly  pumped 
l a s e r  system  has been su g g es ted  [2 0 ] , and a f e a s i b i l i t y  study  o f  such 
a scheme i s  r e p o r te d  i n  Appendix ( I )  o f t h i s  t h e s i s .  From th e  r e s u l t s  
o f  t h i s  s tu d y , i t  becomes ap p are n t t h a t  f o i l  type  system s have a  
number of draw backs and a  s ig n i f i c a n t  f r a c t io n  o f th e  beam energy may 
be l o s t  in  th e  f o i l  e lem en t, o r  l o s t  in  c o l l i s i o n s  w ith  th e  w a lls  o f 
th e  containm ent v e s s e l .
A lo n g i tu d in a l  pumping scheme a lso  has been proposed where th e  
a c t iv e  medium and th e  e le c t r o n  gun re g io n s  a re  m a in ta in ed  a t  d i f f e r e n t  
p re s s u re s  by d i f f e r e n t i a l  pumping o f  th e  two re g io n s  [2 1 ] , The s in g le  
e le c t r o n  gun i s  s e t  a t  a  sm all an g le  to  th e  o p t ic  a x i s  and th e  beam i s  
s te e re d  in to  th e  a c t iv e  re g io n  by a com bination  o f m agnets. However, 
th e re  a re  s e r io u s  d i f f i c u l t i e s  i n  co u p lin g  th e  e-beam through an 
a p e r tu re ,  which by n e c e s s i ty  must have a sm all d iam ete r f o r  
d i f f e r e n t i a l  pumping, and in to  th e  a c t iv e  medium,
 ^ ]jnproved co u p lin g  e f f ic ie n c y  o f th e  e-beam energy to  th e  a c t iv e  
medium may be ach ieved  by o p e ra tin g  th e  e le c t r o n  gun a t  th e  same 
p re s s u re  a s  th e  l a s e r  g a s  en ab lin g  th e  beam to  be passed  d i r e c t ly  in to
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th e  a c t iv e  medium. T h ere fo re , glow d isch a rg e  guns which have th e  
c a p a b i l i ty  o f p roducing  co n tin u o u s  beams o f e le c t r o n s  i n  helium  in  th e  
r e l a t i v e ly  h igh  p re s s u re  range 0 .1 -1 0 .0  mb a r e  of i n t e r e s t .
The c h a r a c t e r i s t i c s  o f a  ty p ic a l  high v o lta g e  co n tinuous glow 
d isch a rg e  in  t h i s  p re s s u re  range nave been d isc u sse d  p re v io u s ly  [2 2 ] . 
At somewhat low er helium  p re s su re  ( 0 .0 1 -0 .1  mb), which i s  th e  
p re s su re  re g io n  norm ally  a s s o c ia te d  w ith  e-beam p ro d u c tio n , th e  beam 
c o l l im a tio n  i s  good, th e  gun impedance h igh  and th e  e le c t ro n s  s u f f e r  
r e l a t i v e ly  few c o l l i s i o n s  i n  th e  g as . N early m onoenergetic  e le c t r o n s  
w ith  e n e rg ie s  c lo se  to  th e  a p p lie d  p o te n t ia l  (10-100keV) a r e  
g e n e ra te d . The e-beam c u r re n t  i s  m a in ta in ed  by secondary em issio n  a s  
io n s , g en e ra ted  i n  a  plasm a re g io n  (NO) in  f r o n t  o f th e  ca th o d e , 
c o l l id e  w ith  th e  cathode fa c e  ( f ig  1 .9 ) .  Between th e  NO and th e
cathode, a  sh ea th  re g io n  i s  observed  which c a r r i e s  a c ro s s  i t  most of
th e  a p p lie d  cathode/anode  p o te n t i a l .  The purpose o f th e  sh ea th  re g io n  
i s  tw o fo ld ; f i r s t l y ,  i t  draws io n s  ou t o f th e  plasm a re g io n  to  
m a in ta in  secondary em issio n  a t  th e  cathode fa c e , and seco n d ly , i t  
a c c e le r a te s  e l e c t r o n s  g e n e ra te d  a t  th e  cathode fa c e  to  form th e  
e-beam. As th e  p re s s u re  i s  in c re a s e d , more e l a s t i c  and i n e l a s t i c  
c o l l i s i o n s  occur in  th e  NO plasm a re g io n  which le a d  to  an  in c re a s e  in  
th e  gas c o n d u c tiv ity  and a drop  in  th e  d isch a rg e  im pedance. In  
a d d i t io n ,  a g r e a te r  sp read  o f e le c tro n  e n e rg ie s  i s  observed  i n  th e
energy d i s t r i b u t io n  o f  beam e le c t ro n s  in  th e  plasm a. As th e  p re s s u re  
i s  r a is e d  f u r th e r ,  a  l a r g e r  p ro p o r tio n  of e le c t ro n s  p o sse ss  e n e rg ie s  
t h a t  a re  only a f r a c t i o n  o f th e  a p p lie d  p o te n t i a l .  The e n e rg e t ic  
e le c t r o n s  a ls o  s te a d i ly  lo s e  energy through m u l tip le  c o l l i s i o n s  a s  
they  p ro p ag a te  away from th e  ca thode . Each ona h as  a c h a r a c t e r i s t i c  
range which i s  dependent on th e  i n i t i a l  energy , on th e  background gas 
p re s s u re ,  and on th e  number o f c o l l i s i o n s  t h a t  tak e  p la c e . Above a
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p re s su re  of about 1 mb i n  helium , few e le c t ro n s  have e n e rg ie s  d o s e  to  
th e  a p p lie d  p o te n t ia l  and a t  p re s s u re s  more th a n  a  few mb, i t  becomes 
d i f f i c u l t  to  id e n t i f y  a c o llim a te d  e le c t ro n  beam. Thus, th e re  i s  a 
t r a d e - o f f  betw een o p e ra tin g  p re s s u re  and beam q u a l i ty .  E le c tro n  guns 
which o p e ra te  i n  0 .1 -2 .5  mb helium  producing co n tin u o u s e-beams up to  
6keV have been re p o r te d  [2 3 ] ,[2 4 ]  and i n  t h i s  p re s s u re  ran g e , i t  i s  
observed  th a t  th e  beam c o n ta in s  s ig n i f i c a n t  numbers o f f a s t  e le c t r o n s  
a s  shown in  r i g  1 .10 .
1 .3  Pumping G eom etries f o r  Glow D ischarge Guns
I t  i s  im p o rta n t to  en su re  t h a t  th e re  i s  e f f i c i e n t  coup lin g  o f th e  
beam energy to  th e  a c t iv e  medium o f th e  l a s e r ,  and t h i s  i s  ach ieved  by 
m atching, th e  p e n e tra t io n  d e p th s  o f th e  f a s t  e le c tr o n s  w ith  th e  
d im ensions o f th e  g as  volum e. The e le c t ro n  ran g es  must be chosen to  
be com patib le  w ith  th e  pumping geom etry employed.
1 .3 .1  L o n g itu d in a l Pumping
To pump th e  a c t iv e  medium lo n g i tu d in a l ly ,  th e  e le c tro n  gun must 
be p laced  d e a r  of th e  o p t ic  a x is  and th e  beam s te e re d  in t o  th e  a c t iv e  
medium by a d d i t io n a l  m agnets. A l te rn a t iv e ly ,  th e  e le c t ro n s  can be 
g en e ra ted  by an a n n u la r  shaped glow d isch a rg e  gun to  allow  a  c l e a r  
pa th  a long  th e  main o p t ic  a x is  ( f ig  1 .1 1 ). The f a s t  e le c t ro n s  a re  
guided  in t o  th e  main tube  by a  m agnetic f i e l d  whose a x is  i s  c o a x ia l 
w ith  th e  a x is  o f th e  tu b e . They a re  drawn to g e th e r  a f t e r  le a v in g  th e  
e le c t r o n  gun by s p i r a l l i n g  around th e  converg ing  m agnetic  f i e l d  l i n e s
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and a f t e r  th e  beam e n te r s  th e  main tu b e , th e  m agnetic  f i e l d  c o n fin e s  
i t  to  a  sm all re g io n  around th e  main a x is .  Beam d ive rgence  i s  caused 
p r in c ip a l ly  by s c a t t e r in g  in  c o l l i s io n s  w ith  g as  atoms and, to  a 
l e s s e r  e x te n t ,  by space charge re p u ls io n . The c o n fin in g  a c t io n  o f th e  
m agnetic f i e l d  a ls o  h e lp s  to  in c re a s e  th e  ra n g e s  o f th e  e le c t r o n s  in  
th e  g as . The energy re q u ire d  to  p e n e tra te  th e  f u l l  le n g th  o f th e  tube 
depends on th e  gas ty p e , th e  g as  d e n s ity ,  th e  m agnetic  f i e l d  s t r e n g th  
and on th e  t o t a l  tube le n g th .  Dual gun system s, which use a gun
p laced  a t  each end o f th e  magnet can improve th e  u n ifo rm ity  o f  th e
pumping [2 5 ] . E n erg ies  o f a  few keV a re  ty p ic a l ly  re q u ire d  to  
p e n e tra te  helium  a t  a few mb to  a  depth o f about 1 m etre u s in g  a  
m agnetic f i e l d  o f 0 .3 -0 .4 T . L o n g itu d in a l pumping a llo w s  th e  fu n c tio n s  
o f  th e  e le c t r o n  gun and th o se  o f th e  main a c t iv e  medium c o n ta in in g  th e  
r a r e  g a s /m e ta l vapour m ix tu re  to  be se p a ra te d , th u s ,  s im p lify in g  th e  
c o n s tru c t io n  and o p e ra t io n . The main tube  c o n ta in s  no in t e r n a l  
e le c tro d e s  and th e  in c lu s io n  o f a d d i t io n a l  h e a te r s  o r  a  co o lin g  ja c k e t  
around i t  a llo w s th e  te m p e ra tu re  to  be c o n tro l le d  in d e p en d en tly  o f th e  
e-beam c u r r e n t ,  an im p o rtan t f a c t o r  in  m etal vapour system s.
L aser a c t io n  has been observed  i n  a  number of he lium /m eta l vapour
system s oy Rocca e t - a l  [2 6 ] . A s e p a ra te  oven i n  a s ide-arm  i s  used to
g e n e ra te  th e  m etal vapour. A t o t a l  beam power o f 1.2W CW has been 
re p o r te d  from th e  combined l i n e s  a t  4912A and 4924A u s in g  a 
h e lium /Z inc  m ix tu re  in  a  dual gun system  [2 5 ] . T his power i s  over an 
o rd e r  of m agnitude h ig h e r  th a n  th a t  o b ta in e d  p re v io u s ly  f ro n  a 
he liu m /Z in c  Hollow cathode dev ice  [ 2 ] .  The o v e r a l l  e f f ic ie n c y  o f th e  
l a s e r ,  w ith o u t in c lu d in g  th e  power used i n  th e  la rg e  magnet, i s  about 
0 , 034# fo r  an a c t iv e  medium of le n g th  100cm.
In  an o th e r  lo n g i tu d in a l  scheme, l a s e r  a c t io n  h a s  been observed  i n  
low p re s su re  argon  u s in g  a  low energy e le c t r o n  beam (up to  300eV)
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which i s  g e n e ra te d  by a m u l t i - s ta g e  glow d isc h a rg e  gun [2 7 ] . The 
optimum p re s s u re  i s  0 .0 7 mb (53m torr) and an o u tp u t of BOmW i s  re p o r te d  
(an  e f f ic ie n c y  o f 0.0025%) on th e  4880Â l i n e  frcxn an 80cm long  a c t iv e  
medium u sin g  a 0 .06T m agnetic  f i e l d .
1 .3 .2  T ransverse  and C oaxial Pumping
The e le c t r o n  e n e rg ie s  re q u ire d  to  p e n e tra te  r a r e  gas volum es 
tr a n s v e r s ly  a re  s ig n i f i c a n t ly  low er th an  th o se  d isc u sse d  f o r  th e  
lo n g i tu d in a l  scheme because th e  r e q u i s i t e  e le c t r o n  ran g es  a re  a  few 
cm, co rresp o n d in g  to  th e  w id th  of th e  a c t iv e  medium. Low energy 
e le c t ro n s  o f abou t 100-200eV a r e  needed to  p e n e tra te  helium  a t  1 mb by 
a  few cm, bu t th e se  p o te n t ia l s  a re  to o  low to  m a in ta in  a glow 
d isch a rg e  i n  helium  a t  th e  c u r re n t l e v e l s  r e q u ire d . The same 
p e n e tra t io n  d ep th s  can be r e a l i s e d  by o p e ra tin g  a t  h ig h e r  e le c t r o n  
e n e rg ie s  w ith  h ig h e r  g as  p re s s u re s .  Indeed , Hollow cathode d is c h a rg e s  
beg in  to  o p e ra te  a t  a  few mb i n  Helium, and i t  i s  p ro b ab le  th a t  th e  
ran g es  o f th e  f a s t  e le c t r o n s  p re se n t in  th e  glow a re  i n t e g r a l l y  
r e la te d  to  th e  o n se t (and u l t im a te ly  th e  c e s s a t io n  a t  h ig h e r p re s su re )  
o f th e  Hollow cathode e f f e c t .  The c y l in d r ic a l  Hollow cathode 
discdiarge th u s  may be lo o s e ly  d e sc r ib e d  a s  a  c o a x ia lly  pumped e-beam 
d isc h a rg e , w h ils t  th e  s lo t t e d  Hollow cathode ty p e s  w ith  p a r a l l e l  
ca thodes [28] can be d e sc r ib e d  a s  t r a n s v e r s ly  pumped d is c h a rg e s . 
However, th e  helium  p re s s u re s  employed i n  Hollow cathode d is c h a rg e s  
a re  ty p ic a l ly  5-20 mb and in  t h i s  range , th e re  i s  a  c o n s id e ra b le  
sp read  o f  th e  e n e rg ie s  i n  th e  e le c t r o n  energy d i s t r i b u t io n  o f th e  NG 
plasm a. I t  i s  perhaps more c o r r e c t  in  t h i s  co n tex t to  view th e  NG 
plasm a a s  c o n ta in in g  on ly  a  r e l a t i v e ly  sm all p ro p o r tio n  o f e n e rg e tic
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beam e le c t r o n s ,  p a r t i c u la r ly  s in c e  th e  a p p lie d  p o te n t ia l  i s  a lm ost 
alw ays in  th e  re g io n  o f on ly  a  few hundred v o l t s .  The e le c t r o n  energy 
d i s t r i b u t io n  in  Hollow cathode d isc h a rg e s  i s  more u su a lly  d e sc r ib e d  a s  
having  a 'beam component* of f a s t  e le c tro n s  a t  th e  a p p lie d  Cathode 
f a l l  p o te n t ia l  and a  h igh  energy ' t a i l *  of f a s t  e le c t r o n s  C l3 , [ 4 ] .  In  
an e f f o r t  to  in c re a s e  th e  p ro p o r tio n  o f nigh energy ' t a i l '  e le c t r o n s  
i n  Hollow cathode d is c h a rg e s  and i n  p a r t i c u la r  th e  number o f 'beam ' 
e le c t ro n s ,  r e c e n t  s tu d ie s  have c e n tre d  on HCD's o p e ra t in g  a t  v o lta g e s  
around 1~2kV to  g e n e ra te  beam e le c tro n s  w ith  e n e rg ie s  around 1-2keV 
[ 2 9 ] ,[ 3 0 ] .  These h igh  v o lta g e  HCD's appear to  show Improved pumping 
o f  th e  upper l a s e r  l e v e l s  in  bo th  m etal io n s  and i n  r a r e  gas io n s .
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Fig  1 .1 . Energy le v e l  diagram  showing th e  l a s e r  t r a n s i t i o n s  and 




e - i m p a c f
— Zn II
Fig 1 .2 . Energy le v e l  diagram  showing th e  s t a t e s  in  s in g ly  
io n ise d  z in c  (Zn I I ) ,  e x c ite d  v i a  charge t r a n s f e r  o r d i r e c t  
e le c t r o n  im pact, which g iv e  r i s e  to  l a s e r  a c t io n . The arrow s 
denote l a s e r  t r a n s i t i o n s .  The energy le v e ls  of th e  n e u tra l  
helium  s in g le t  and t r i p l e t  m e ta s ta b le s , and th e  ground s t a t e  
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Fig  1 ,3 a , C a lc u la te d  e le c t r o n  energy d i s t r i b u t io n  in  an atom ic 
copper/neon  l a s e r  f o r  a  pu lsed  d isch a rg e  (d e n s ity  r a t i o  
[C u]/[N e] = 0 ,0 1 ) .  (The d a ta  p o in ts  a re  taken  from [ 3 ] and th e
curve i s  f i t t e d  h e re  as an a p p ro x im a tio n ,) The shaded a re a  
r e f e r s  to  e le c t ro n s  which have s u f f i c i e n t  energy to  e x c i te  th e  
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F ig  1 .3b . A m easured e le c tr o n  energy d i s t r i b u t io n  in  th e  NG o f a 
helium  d isc h a rg e  a t  13mb w ith  a Cathode f a l l  of “ 200V [ 4 ] .  The 
shaded a re a  r e f e r s  to  e le c t ro n s  which a re  above th re s h o ld  f o r  
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Fig 1 .4 . Two ty p e s  of e le c tro d e  geom etry u t i l i z i n g  d i f f e r e n t  
plasm a re g io n s , th e  P o s it iv e  column (a) and th e  N egative  glow 
(b ) ,  o f a glow d isch a rg e  a re  used to  e x c i te  m etal vapour 





Fig 1 .5 . Measured e le c t r o n  energy d i s t r i b u t io n s  fo r  com parable 
Hollow cathode (a) and P o s i t iv e  column (b) d is c h a rg e s  in  a 
helium  d isch a rg e  a t  1.6mb [ 6 ] .  The dashed cu rv es  a re  of
M axwellian p r o f i l e  and m atched to  th e  experim en ta l cu rv es  a t  low 
en erg y .
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F ig  1 ,6 . Schem atic energy le v e l  diagram  owing th e  l a s e r  le v e l s  
in  Ar I I  and th e  d i f f e r e n t  e x c i ta t io n  mechanisms p o p u la tin g  th e  









FI g 1 ,7 . The io n i s a t io n  o ro s s - s e c t io n  of th e  r a r e  g a se s  He, Ne 











Fig 1 .8 , The average energy lo s s  W(E) p e r  io n is in g  c o l l i s i o n  in  








Fig  1 .9 . Schem atic diagram  diowing a ty p ic a l  low p re s su re  glow 
d isch a rg e  e le c t r o n  gun used in  m a te r ia l  p ro c e ss in g . E le c tro n  
em issio n  i s  co n fined  to  th e  cathode fa c e  by a c lo se  f i t t i n g  
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Fig 1 .10. E le c tro n  energy d i s t r i b u t io n  in  th e  NG of a helium  
d isch a rg e  a t  0.8mb w ith  a d isch a rg e  v o lta g e  a t  1,31kV and 
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2 Glow Di8Ghar% e_Eleotron Guns
As d isc u sse d  i n  c h a p te r  1, most ty p e s  o f  glow d isch a rg e  e le c t r o n  
guns o p e ra te  a t  am bient p re s s u re s  of around 0 .0 0 1 -1 .0  mb. In  t h i s  
c h a p te r , th e  p r o p e r t ie s  o f glow d isch a rg e  guns o p e ra tin g  a t  p re s s u re s  
i n  th e  re g io n  o f a  few mb, which a re  needed f o r  d i r e c t  e-beam pumping 
o f a  gas l a s e r ,  a r e  d isc u sse d .
2.1 Review o f Glow D ischarge Theory
An o rd in a ry  s e l f - s u s ta in in g  glow d isch a rg e  in  helium  a t  low 
c u r re n t and low p re s s u re  (a  few mb) i s  d e p ic te d  i n  f i g  2 .1 ( i )  and th e  
p r in c ip a l  glow re g io n s  observed  a re  shown shaded [1 ] .  The r o le s  o f 
th e  d i f f e r e n t  glow re g io n s  in  m a in ta in in g  th e  d isch a rg e  c u r re n t  a re  
r e f l e c te d  i n  th e  v o lta g e  ( i i )  and e l e c t r i c  f i e l d  ( i i i )  d i s t r i b u t io n s  
between th e  e le c t ro d e s .  The v o lta g e  aoes n o t vary  l i n e a r ly  a c ro s s  th e  
tube due to  th e  p resence  o f p o s i t iv e  and n e g a tiv e  space ch arg es, and a 
s ig n i f i c a n t  p ro p o r tio n  o f th e  tube v o lta g e  may be dropped a c ro s s  a 
narrow sh ea th  re g io n  im m ediately  in  f r o n t  o f th e  ca thode . This 
v o lta g e  drop (V^) i s  known a s  th e  Cathode f a l l .  The p r o p e r t ie s  o f th e  
v a r io u s  glow re g io n s  depend to  some e x te n t on th e  d isch a rg e  c u r re n t  
and th e re fo re ,  i t  i s  n ecessa ry  to  d is t in g u is h  betw een two o p e ra tin g  
reg im es. At low c u r re n t ,  only p a r t  o f th e  cathode ap p ea rs  to  oe 
covered  by glow. As th e  c u r re n t  i s  r a is e d ,  th e  Cathode f a l l  s ta y s  
more or l e s s  c o n s ta n t , a t  a v a lu e  around 150V in  helium , and th e  glow
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sp read s  ov er th e  cathode fa c e  to  keep th e  c u r re n t  d e n s ity  ( j )  a t  th e  
cathode c o n s ta n t . T h is i s  th e  * normal* glow regim e. Once th e  cathode 
fa c e  i s  com plete ly  covered by glow, f u r th e r  in c re a s e s  o f th e  c u r re n t  
a r e  accompanied by a r i s e  i n  th e  Cathode f a l l .  T h is i s  known a s  th e  
•abnormal* regim e and th e  r e l a t i v e  le n g th s  of th e  glow re g io n s  th en  
change a s  th e  c u r re n t  i s  r a i s e d .  Glow d isch a rg e  e le c t ro n  guns u su a lly  
o p e ra te  w ith  a Cathode r a i l  o f s e v e ra l kV, w e ll in to  th e  abnormal 
regim e.
2 ,1 .1  The Abnormal Glow D ischarge
The morphology of abnormal glow d isc h a rg e s  h as  been in v e s t ig a te d  
and review ed e x te n s iv e ly  in  r e c e n t  y e a rs  [ 2 ] - [ 5 ] .  C e r ta in  a s p e c ts  of 
abnormal d is c h a rg e s  in  th e  r a r e  g ases  however, a re  n o t f u l l y  
u n derstood . C ond itio n s  a t  th e  cathode a re  e s p e c ia l ly  d i f f i c u l t  to  
in v e s t ig a te  e x p e rim e n ta lly  due to  th e  la rg e  space charge d e n s i t i e s  
found i n  t h i s  re g io n . F urtherm ore , r e l a t i v e ly  few s tu d ie s  have been 
c a r r ie d  ou t w ith  h ig h ly  abnormal d isc h a rg e s  w here th e  Cathode f a l l  may 
be s e v e ra l kV. In  t h i s  s e c t io n  and in  ( 2 .1 .2 ) ,  th e  p r in c ip a l  f e a tu r e s  
o f abnormal d is c h a rg e s  i n  helium , w ith  a Cathode f a l l  o f s e v e ra l 
hundred v o l t s ,  a r e  p re s e n te d . The d is c u s s io n  i s  a ls o  a p p lic a b le  to  
d is c h a rg e s  o f neon o r  argon .
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2 .1 .1 .1  The Cathode Region and N egative  Glow
The re g io n  o f p o s i t iv e  space charge n e a r  th e  cathode 
( f i g  2 .1 ( i v ) ) i s  caused by a  b u ild  up o f slow io n s  d r i f t i n g  tow ard th e  
cathode from th e  N egative  glow re g io n  (NG). A re g io n  o f high e l e c t r i c  
f i e l d  i s  produced by th e  b u ild -u p  o f p o s i t iv e  space charge and t h i s  
c o in c id e s  w ith  th e  sh ea th  re g io n  o f th e  Cathode dark  space (CDS). The 
e l e c t r i c  f i e l d  a c ro s s  th e  CDS re g io n  d e c re a se s  approx im ate ly  l i n e a r ly  
w ith  d is ta n c e  from th e  cathode fa c e , from a ty p ic a l  v a lue  of a  few 
thousand v o l t s  p e r c e n tim e tre  a t  th e  cathode fa c e  to  a lm ost z e ro  a t  
th e  CDS/NG boundary. The io n s  w hich d r i f t  in to  th e  CDS f r m  th e  NG 
a re  a c c e le ra te d  by th e  f i e l d  and when they  c o l l id e  w ith  th e  cathode 
fa c e , e le c t ro n s  w ith  e n e rg ie s  o f a few eV a re  r e le a s e d  by secondary 
em ission . M etas tab le  atoms and UV photons from th e  NG a lso  produce 
e le c t ro n s  v ia  secondary em issio n . The o v e ra l l  e f f ic ie n c y  o f e le c tro n  
p ro d u c tio n  i s  aeno ted  by th e  t o t a l  secondary em issio n  c o e f f i c ie n t  
( %^), a q u a n t i ty  dependent on th e  cathode m a te r ia l ,  th e  gas type  and 
th e  k in e t i c  energy o f th e  p a r t i c l e s  h i t t i n g  th e  cathode . In  th e
abnormal glow regim e, th e  v o lta g e  r i s e  re q u ire d  f o r  any c u r re n t  
in c re a s e  i s  u l t im a te ly  r e l a t e d  to  th e  e f f ic ie n c y  o f th e  secondary 
em ission  p ro c e s se s . A r i s e  in  th e  tube v o lta g e  produces an in c re a s e  
in  th e  Cathode f a l l  and p a r t i c l e s  may c o l l id e  w ith  th e  cathode w ith  
g r e a te r  energy , r e le a s in g  more e le c t r o n s  p e r c o l l i s io n .  In  a h ig h ly  
abnormal d is c h a rg e , where th e  Cathode f a l l  i s  la rg e  and s p u t te r in g  o f 
th e  cathode su rfa c e  o ccu rs , a  th in  su rfa c e  glow im m ediately  in  f r o n t  
o f th e  cathode may be observed , and th e  l i g h t  em issio n  from t h i s  glow 
may c o n ta in  l i n e s  c h a r a c t e r i s t i c  o f th e  cathode m e ta l.
The slow e le c t r o n s  produced from secondary em issio n  a re  q u ic k ly  
a c c e le ra te d  away from th e  cathode and p ass  th rough th e  Aston dark
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space (ADS), a narrow re g io n  nex t to  th e  cathode where they  have 
in s u f f i c i e n t  energy fo r  e x c i ta t io n  o f th e  g a s . On reac h in g  e n e rg ie s  
around M0-50eV, which co rrespond  to  th e  peaks o f th e  e x c i ta t io n  
c ro s s - s e c t io n s  i n  helium , a  few e le c tro n s  c o l l id e  w ith  He atoms to  
produce th e  th in  Cathode glow la y e r .  T his i s  a  narrow re g io n  because 
th e  h igh  e l e c t r i c  f i e l d  p roduces ra p id  a c c e le r a t io n  and th e  e le c tr o n s  
q u ic k ly  g a in  enough momentum to  reach  e n e rg ie s  w e ll  p a s t  th e  maxima of 
th e  e x c i ta t io n  c r o s s - s e c t io n s .  A sm all p ro p o r tio n  o f th e  e le c t r o n s ,  
on reac h in g  e n e rg ie s  in  th e  re g io n  of 100-150eV lo s e  energy th rough  
io n is in g  c o l l i s i o n s  ( f i g  1 .7) and th e  secondary e le c t ro n s  produced a re  
them selves a c c e le ra te d  and jo i n  th e  main f lu x  o f  e le c t ro n s .  They may, 
in  tu r n ,  s u f f e r  i n e l a s t i c  c o l l i s i o n s  and g iv e  r i s e  to  f u r th e r  
e x c i ta t io n  and io n i s a t io n .  The amount o f io n i s a t io n  in  th e  CDS i s ,  
however, i n s u f f i c i e n t  to  m a in ta in  th e  d isc h a rg e .
At th e  boundary o f th e  CDS and NG re g io n s  where th e  e l e c t r i c
f i e l d  approaches z e ro , th e  e le c t r o n s  reach  a  te rm in a l v e lo c i ty  and th e  
o v e ra l l  e le c tro n  energy d i s t r i b u t io n  in  t h i s  re g io n  h as  a la rg e  number 
o f high energy e le c t r o n s .  A few e le c tro n s  frcan th e  cathode reach  t h i s  
boundary w ith o u t s u f fe r in g  c o l l i s i o n s  in  th e  CDS and have e n e rg ie s  
com parable to  th e  Cathode f a l l  (eV ^). The e le c tro n  energy 
d i s t r i b u t io n  a t  th e  CDS/NG boundary has been m easured e x p e rim e n ta lly  
by G i l l  and Webb [6] u s in g  a  d i f f e r e n t i a l l y  pumped re ta rd in g  f i e l d  
a n a ly se r  which sampled e le c t r o n s  through a  h o le  in  th e  anode. An 
energy d i s t r i b u t i o n  ta k en  a t  a  helium  p re s su re  of 20mb w ith  a Cathode 
f a l l  of 270V i s  reproduced  i n  f i g  2 .2 a . Yu e t - a l  have used an 
e l e c t r o - s t a t i c  e le c t r o n  energy a n a ly se r  to  sample f a s t  beam -like  
e le c t ro n s  from th e  cathode a t  a  p o s i t io n  some way in to  th e  NG [ 7 3 *
Two d i s t r i b u t io n s  a re  shown i n  f i g s  2 .2 b ,c .  The e le c t r o n  energy
d i s t r i b u t io n  a t  th e  CDS/NG boundary in  a h ig h ly  abnormal d isch a rg e
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u s in g  s e v e ra l  d i f f e r e n t  g a se s  has been in v e s t ig a te d  by Chaudhri and 
Chaudhri [83. They o bserve  a sh arp  peak o f e le c t ro n s  w ith  e n e rg ie s  
co rrespond ing  to  th e  Cathode f a l l ,  which i s  ty p ic a l ly  s e v e ra l 
k i l o v o l t s  ( f i g  2 .2 d ) .
These o b se rv a tio n s  in d ic a te  t h a t  th e  p ro p o r tio n  o f f a s t  e le c t ro n s  
i n  th e  energy d i s t r i b u t i o n  a t  th e  CDS/NG boundary in c re a s e s  a s  th e  
p re s s u re  i s  reduced , and a s  th e  Cathode f a l l  i s  r a i s e d .  As th e  
e le c t ro n s  p ass  th rough  th e  'head* o f th e  NG and in t o  th e  r e l a t i v e ly  
f i e l d - f r e e  re g io n  beyond which c o n s t i tu te s  th e  main body o f th e  NG, 
they a re  e f f e c t iv e ly  in  f r e e  f l i g h t  and t h e i r  energy g ra d u a lly  
d im in isn es  due to  m u lt ip le  i n e l a s t i c  c o l l i s io n s .  The secondary 
e le c tro n s  produced a r e  no lo n g e r  a c c e le ra te d  and th e re fo re  do no t 
p o sse ss  an average d r i f t  v e lo c i ty  in  any p re fe r r e d  d i r e c t io n  a s  i n  th e  
PC, and in s te a d  move by d i f f u s io n .  As th e  beam -like e le c t ro n s  
p ro p ag ate  th rough  th e  gas i n  th e  NG, th e  o v e ra l l  energy d i s t r i b u t io n  
changes, w ith  th e  p ro p o r tio n  of low er energy e le c tr o n s ,  g en e ra ted  v ia  
io n is in g  c o l l i s i o n s ,  in c re a s in g  w ith  d is ta n c e  i n to  th e  glow. The NG 
i s  alm ost alw ays th e  most lum inous p a r t  o f th e  d isc h a rg e , and th e  
io n i s a t io n  produced by th e  f a s t  e le c tro n s  i s  a  c r i t i c a l  f a c to r  in  
m a in ta in in g  th e  d isc h a rg e . The slow moving io n s  g en e ra ted  i n  io n is in g
c o l l i s i o n s  a r e  e v e n tu a lly  l o s t  by d i f fu s io n  to  th e  w a lls  o f th e
d isch a rg e  v e s s e l ,  by volume reco m b in a tio n  w ith  th e  group o f low energy 
e le c tro n s  i n  th e  NG, and by c o l l i s i o n s  w ith  th e  cathode fa c e  where 
t h ^  may produce f u r th e r  e le c t ro n s .  When m eta l vapour i s  added to  th e  
d isc h a rg e , io n s  a re  a ls o  l o s t  i n  asym m etric charge t r a n s f e r  
r e a c t io n s .  The d isc h a rg e  c u r re n t  i s  c a r r ie d  m ainly by th e  f a s t  
e le c t r o n s  i n  th e  NG w hereas i n  th e  CDS c lo se  to  th e  ca thode , th e
c u r re n t  i s  c a r r ie d  by f a s t  io n s  ( f i g  2 .1 ( v ) ) .  The le n g th  of th e  NG i s
determ ined  by th e  p e n e tra t in g  power of th e  e le c t ro n s ,  a f a c to r
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dependent on t h e i r  i n i t i a l  energy a t  th e  CDS/NG boundaryi and th e  gas 
d e n s ity  in  th e  NG.
2 .1 .1 .2  The Anode Region and P o s i t iv e  Column
As th e  energy o f th e  e le c t ro n s  i s  a t te n u a te d  by th e  gas i n  th e  
NG, they e v e n tu a lly  slow to  e n e rg ie s  below th e  th re s h o ld  f o r  
e x c i ta t io n ,  and d r i f t  tow ards th e  anode ex p e rie n c in g  on ly  e l a s t i c  
c o l l i s io n s .  T h is re g io n  i s  th e  Faraday dark  space (FDS). The 
boundary re g io n  between th e  NG and th e  FDS i s  d i f fu s e  in  appearance 
and i t  i s  o f te n  d i f f i c u l t  to  e s tim a te  th e  a c tu a l  le n g th  of th e  NG. 
The d i f fu s e  boundary r e s u l t s  from bo th  th e  sp read  i n  energy of th e  
e le c tro n s  a t  th e  CDS/NG boundary and th e  s t a t i s t i c a l  n a tu re  of 
m u lt ip le  c o l l i s i o n s  in  th e  NG. The e l e c t r i c  f i e l d  i n  th e  FDS i s  o f te n  
found to  be s l i g h t ly  re v e rs e d , d e c e le ra t in g  th e  e le c t ro n s  f u r th e r .  
However, th e  numerous slow e le c t ro n s  form a  d e n s ity  g ra d ie n t  of 
s u f f i c i e n t  m agnitude t h a t  they  m a in ta in  th e  flow  o f e le c t ro n s ,  v ia  
d i f fu s io n ,  tow ards th e  anode. A p o in t a long  th e  tube i s  reach ed , 
however, when a  sm all lo n g i tu d in a l  f i e l d  m ust be a p p lie d  to  a c c e le r a te  
th e  e le c t ro n s  and make up f o r  charge lo s s e s  th rough  recom bination  and 
d if f u s io n  to  th e  w a lls .  T his o ccu rs  a t  th e  s t a r t  of th e  P o s i t iv e  
column (PC) which has a  c o n s ta n t low e l e c t r i c  f i e l d  th roughou t i t s  
le n g th  to  com pensate f o r  charge l o s s  th rough am bipo lar d i f fu s io n .  The 
n e t  space charge i s  z e ro  th ro u g h o u t th e  PC and th e  p o s i t iv e  and 
n e g a tiv e  charge d e n s i t i e s  a re  id e n t i c a l .  At th e  anode, a  charge 
sh ea th  i s  b u i l t - u p  to  r e p e l  p o s i t iv e  io n s  and a t t r a c t  th e  slow 
e le c tro n s ,  th u s  com pleting  th e  c i r c u i t .  The e le c t ro n s  u su a lly  produce 
a narrow band o f glow nex t to  th e  anode, n o t shown in  f i g  2 .1 (1 ) ,
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which i s  known a s  th e  anode glow. The p o te n t ia l  drop  a c ro s s  t h i s  
sh e a th ; th e  Anode f a l l ,  i s  about th e  same a s  th e  io n i s a t io n  p o te n t ia l  
o f th e  gas used .
2 .1 .1 .3  N egative Glow D ischarges
I t  i s  c l e a r  t h a t  th e  p r o p e r t ie s  o f th e  NG and PC re g io n s  a re  
q u i te  d i f f e r e n t .  W hils t th e  PC behaves l i k e  a  homogenous plasm a 
th roughou t i t s  le n g th ,  th e  NG i s  h ig h ly  a n is o t ro p ic  w ith  m arkedly 
d i s s im i la r  e le c t r o n  energy d i s t r i b u t io n s  a t  th e  CDS/NG boundary and 
th e  NG/FDS boundary. The p r in c ip a l  fu n c tio n  o f th e  PC i s  to  form a 
conducting  b rid g e  between th e  FDS and th e  anode to  m a in ta in  c u r re n t  
flow  between th e  e le c tro d e s .  T h is can be dem onstra ted  by red u c in g  th e  
e le c tro d e  sp ac in g  ( f i g  2 .1 ( v i ) )  w h ils t  keeping  th e  d isch a rg e  c u r re n t  
c o n s ta n t . Both th e  CDS and th e  NG re g io n s  a re  u n a ffe c te d  by th e  
change, th e  PC i s  sh o rten ed , w h ils t  th e  tube v o lta g e  drops to  a  v a lu e  
(V*). U ltim a te ly , th e  anode may be pushed in t o  th e  FDS w ith o u t 
a f f e c t in g  th e  CDS o r NG. The s t a b i l i t y  o f th e  d isch a rg e  i s  only  
a f f e c te d  when th e  anode i s  pushed in t o  th e  Ng s o  t h a t  a  s u b s ta n t ia l  
p ro p o rtio n  o f th e  glow i s  m iss in g , A glow d isc h a rg e  in  helium , o r 
indeed  any o f th e  r a r e  g a se s , th u s  can be m ain ta in ed  w ith  only th e  CDS 
and Nu re g io n s  p re s e n t .  Under such c ircu m stan ces , th e  tube v o lta g e  i s  
equal to  th e  Cathode f a l l  (V ^), p o ss ib ly  w ith  a sm all c o r re c t io n  f o r  
th e  Anode r a i l .  The anode can th e re fo re  be p laced  i n  th e  FDS and i t s  
p o s i t io n  w ith in  th e  FDS, w ith  r e s p e c t  to  th e  NG, i s  n o t c r i t i c a l .  I t  
does n o t a f f e c t  th e  p r o p e r t ie s  o f th e  CDS o r NG prov ided  i t  i s  p laced  
w e ll c l e a r  of th e  CDS and away from th e  main body o f th e  NG.
M odelling th e  CDS and NG re g io n s  o f an abnormal glow d isc h a rg e  on
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a th e o r e t ic a l  b a s is  h as  re c e iv e d  much a t te n t io n  in  th e  p a s t because of
th e  key r o le  th e  two re g io n s  p lay  in  th e  m aintenance o f th e  d isch a rg e
[ 9] , [ 1 0 ] .  C onsiderab le  d i f f i c u l t i e s  a re  en co u n te red , however, 
r e s u l t in g  from th e  non-uniform , h igh  e l e c t r i c  f i e l d  i n  th e  CDS. The 
e le c tro n s  d e r iv e d  from  th e  cathode a r e  r a p id ly  a c c e le ra te d  i n  th e  CDS 
and w ith in  t h i s  re g io n , th e  e le c t ro n  energy d i s t r i b u t io n  i s  n ig h ly  
non-M axw ellian because th e  e le c t ro n s  a re  no t in  e q u ilib r iu m  w ith  th e  
e l e c t r i c  f i e l d .  The whole energy d i s t r i b u t io n  th e re fo r e  must be 
co n sid e re d  in  c a lc u la t io n s ,  and th e  m acroscopic q u a n t i t i e s  such a s  th e  
Townsend f i r s t  i o n i s a t io n  c o e f f i c ie n t  ( 0(^/p) and th e  average e le c t ro n  
te m p era tu re  (T^) m easured under c o n d itio n s  o f eq u ilib r iu m  ( in  th e  PC 
fo r  example) a r e  n o t a p p l ic a b le .  Models based on th e  concept of
e le c tro n  av a lan ch es  u sin g  th e se  average q u a n t i t i e s  can p rov ide  some 
in s ig h t  in to  th e  g e n e ra l p r o p e r t ie s  o f th e  CDS, bu t a re  unab le  to
e x p la in  th e  p resence  o f groups o f f a s t  e le c t ro n s  i d e n t i f i e d  
e x p e rim en ta lly  by G i l l  and Webb [6 ] amongst o th e rs .  The a v a i l a b i l i t y  
o f f a s t  com puters in  th e  p a s t te n  y e a rs  o r so h as  made i t  p o s s ib le  f o r  
th e  f i r s t  tim e to  d ea l d i r e c t ly  w ith  m icro sco p ic  q u a n t i t i e s  i n  th e  
d isc h a rg e , nam ely, c o l l i s io n s  between in d iv id u a l  p a r t i c l e s .  The 
t r a j e c t o r i e s  o f in d iv id u a l  e le c t r o n s  in  th e  CDS have been tra c k e d  
th rough su c c e ss iv e  c o l l i s io n s  u sin g  random number, 'M onte-Carlo* type 
s im u la tio n s  and on ly  th e  r e le v a n t  e l a s t i c  and i n e l a s t i c  im pact 
c ro s s - s e c t io n s  a re  re q u ire d  i n i t i a l l y .  By re p e a tin g  th e  c a lc u la t io n s  
to  c h a r t  th e  case  h i s t o r i e s  o f a  few thousand e le c t r o n s ,  averaged 
q u a n t i t i e s  can be o b ta in e d  which can be used to  r e -d e f in e  th e  
m acroscopic q u a n t i t i e s .  E x c e lle n t agreem ent i s  observed  petween th e  
M onte-Carlo c a lc u la t io n s  o f Tran-Noc [11] and Boeuf e t - a l  [12] in  
helium  glow d is c h a rg e s  and th e  ex perim en ta l o b se rv a tio n s  o f G i l l  and 
Webb [6 J ,  w ith  Cathode f a l l s  o f  a  few hundred v o l t s .
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2 .1 .2  E le c tro n  Beam P ro d u c tio n  from Glow D ischarges
2 .1 .2 .1  DisoharKeg uaing  Shaped C athodes
To Summarise, a  p lane  cathode o p e ra tin g  i n  th e  abnormal regim e 
w ith  a  Cathode f a l l  o f s e v e ra l hundred v o l t s  can produce a s ig n i f i c a n t  
p ro p o rtio n  o f f a s t  e le c t r o n s  and t h e i r  energy i s  im p arted  to  th e  gas 
i n  th e  f i e l d - f r e e  re g io n  which i s  th e  NG ( f i g  2 .3 ) .  E x p erim en ta lly , 
i t  ap p ea rs  t h a t  th e  p ro p o r tio n  of f a s t  e le c tro n s  a t  th e  head o f th e  NG 
may be in c re a se d  by red u c in g  th e  p re s s u re  to  around Imb, and r a i s in g
th e  Cathode f a l l  to  s e v e ra l kV. At helium  p re s s u re s  o f about 1-2mb,
th e  ran g es  o f  such e le c t r o n s  can produce a NG re g io n  which may be
se v e ra l 1 0 's  o f cm in  le n g th .  B roadly speak ing , th e  e le c t ro n s  may be 
co n sid ered  to  c o n s t i tu te  a  beam, a lthough  th e  beam d iam ete r i s  la rg e  
(app rox im ate ly  equ a l to  th e  cathode d ia m e te r) .  The beam becomes a ls o  
p ro g re s s iv e ly  l e s s  w e ll d e f in e d  f u r th e r  from th e  cathode a s  th e  
cum ulative  e f f e c t s  o f e l a s t i c  and i n e l a s t i c  c o l l i s io n s  become 
im p o rta n t. In  a d d i t io n ,  th e  i n i t i a l  t r a j e c t o r i e s  o f th e  e le c t ro n s  a re  
determ ined  by th e  shape o f th e  CDS and th e  a s s o c ia te d  e l e c t r i c  
e q u ip o te n t ia ls .  An e le c t r o n  re le a s e d  from th e  cathode i s  a c c e le ra te d
i n  a  d i r e c t io n  p e rp e n d ic u la r  to  th e  lo c a l  e q u ip o te n t ia l s .  These 
e q u ip o te n t ia ls  fo llo w  th e  p r o f i l e  of th e  cathode fa c e  and u n le s s  th e  
d iam ete r o f th e  cathode (D) i s  much la r g e r  th a n  th e  th ic k n e s s  o f th e  
CDS (d g ) , edge e f f e c t s  g iv e  r i s e  to  s l i g h t ly  outw ardly  cu rv ing
e q u ip o te n t ia ls  which produces a  d iv e rg in g  beam. Beam sp read  can 
th e r e f o r e  be reduced  by ad o p tin g  a concave geom etry as  shown in  
f i g  2 .4  w ith  th e  r a d iu s  o f c u rv a tu re  chosen to  be com parable to  th e
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le n g th  of th e  NG. The e le c t r o n  gun proposed by Rocca e t - a l  [133 fo r  
pumping gas l a s e r s  lo n g i tu d in a l ly  i s  c o n s tru c te d  a lo n g  th e se  l i n e s  and 
t h i s  i s  shown sc h e m a tic a lly  in  f i g  2 .5 . The fo c u s in g  a c t io n  o f th e  
curved p r o f i l e  n e lp s  to  keep th e  e le c tro n  beam c o llim a te d  b e fo re  i t  
re a c h e s  th e  c o n fin in g  magnet ( f i g  1 .9 ) .  The gun i s  made a n n u la r  by 
d r i l l i n g  o u t th e  c e n tre  p a r t  of th e  cathode and in s e r t i n g  a  ceram ic 
s h ie ld .  With w a te r  co o lin g  o f th e  cathode body, e le c t r o n  beams a re  
re p o r te d  to  be g e n e ra te d  to  g iv e  beam c u r re n ts  o f up to  1 amp u s in g  a 
Cathode f a l l  betw een 1-6kV, helium  p re s s u re s  in  th e  range 0.1-3m b,
2 .1 .2 .2  D isch arg es  u sin g  P e r fo ra te d  C athodes
The e le c t ro n  gun shown in  r i g  2 ,3  p roduces a beam w ith  a d iam ete r 
which i s  determ ined  e s s e n t i a l l y  by th e  cathode d ia m ete r. A more 
d i s t i n c t  e le c t r o n  beam may be g e n e ra te d , however, from a cathode th a t  
c o n ta in s  an in t e r n a l  c a v i ty .  T h is has been been su g g ested  by van 
Paassen e t - a l  [143 . Using such a  cathode, a  low impedance d isch a rg e  
r e ly in g  on th e  w e ll  known * Hollow cathode e f f e c t '  may be m a in ta in ed  
between th e  in t e r n a l  s u r f a c e s  o f th e  cathode c a v ity  and an e x te rn a l  
anode, a s  shown i n  f i g  2 .6 . The NG re g io n s  o f th e  d isc h a rg e , 
r e s u l t in g  from e x c i ta t io n  o f th e  gas by e le c tro n s  from opposing s id e s  
o f th e  c a v i ty ,  co a le sce  in  th e  c e n tre  to  form a re g io n  o f in te n s e  
glow. When a tte m p tin g  to  run  th e  HCD i n  th e  low er p re s su re  ran g es  
however, van P aassen  e t - a l  i d e n t i f i e d  a second s ta b l e  mode of 
o p e ra tio n  w ith  h igh  impedance in  which a w e ll  d e fin e d  e le c t r o n  beam i s  
produced c o a x ia l ly  w ith  th e  a x is  o f th e  h o le  a p e r tu re .  T his i s  shown 
i n  f i g  2 .7 . In  t h i s  e-beam mode, th e  CDS and NG re g io n s  a re  lo c a te d  
a c ro s s  th e  f r o n t  fa c e  of th e  cathode a s  observed  i n  th e  case  of a
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d isc h a rg e  u sin g  a sim ple  p lan e  cathode ( f i g  2 .3 ) .  The o p e ra t io n a l 
p re s s u re  range of t h i s  second, e-beam mode i s  observed  to  in c re a s e  
w ith  d e c re a s in g  s iz e  of th e  h o le  a p e r tu re ,  and th e  e-beam c u r re n t  may 
be in c re a se d  by r a i s in g  e i t h e r  th e  gas p re s su re  o r th e  Cathode f a l l .  
When in c re a s in g  th e  beam c u r re n t  however, a t r a n s i t i o n  p o in t may be 
reached  when th e  c u r re n t  r i s e s  ra p id ly  (on a  tim e sc a le  l e s s  th a n
" O .ls e c ) ,  and th e  d isch a rg e  sw itch es  to  th e  low impedance HCD mode. 
The e-beam mode may be r e - e s ta b l i s h e d  by e x tin g u is h in g  th e  HCD and 
th e n  r e s t a r t i n g  th e  d isc h a rg e  a t  low c u r re n t .  I t  h as  been
dem onstrated  by van-P aassen  th a t  e-beam d isc h a rg e s  can be produced 
from a  range o f cathode s iz e s  u sin g  argon  a t  p re s s u re s  between 
0 .0 0 1 -1 .0  mb.
In  a d d i t io n  to  th e  e-gun shown in  f i g  2 .7  ( to  be r e f e r r e d  to  h e re  
a s  type I ) ,  an e-beam d isc h a rg e  may be e s ta b l is h e d  u s in g  a cathode in  
which a sim ple h o le  i s  d r i l l e d  ( to  be r e f e r r e d  to  a s  ty p e  I I )  a s  shown 
i n  f i g  2 ,8 . The h o le  d iam ete r i s  chosen to  be com parable to  th e  
a p e r tu re  s iz e  of th e  type I  e -g u n . When e i t h e r  type o f e-gun i s
o p e ra ted  a t  low p re s s u re  (0 .0 1 -0 .1  mb in  helium  f o r  exam ple), th e  CDS 
re g io n  in  f r o n t  o f th e  cathode may have a w id th  com parable to  th e  
d im ensions o f th e  e-gun and con tainm ent v e s s e l ,  and th e  f i la m e n t of 
th e  e-beam d isc h a rg e  i s  observed  a s  shown in  f i g  2 .9 .
The o p e ra tio n  o f p e r fo ra te d  ca th o d es  i n  th e  h igh  impedance e-beam
mode may have been u n in te n t io n a l ly  employed i n  e a r ly  s tu d ie s  o f glow 
d is c h a rg e s  to  g e n e ra te  'c a th o d e  r a y s ' and 'c a n a l  r a y s ' [ 1 5 ] ,[1 6 ] .  
Cathode ra y s  ( e le c t ro n s )  and can a l ra y s  ( io n s ,  m e ta s ta b le s  and
n e u t r a ls )  have been observed  s im u ltan eo u sly  by G o ld s te in  in  th e  
d isch a rg e  tube rep roduced  in  f i g  2 .1 0 . The h o le  in  th e  cathode (o r
'c a n a l ')  i s  in c lu d e d  to  observe  th e  p a th s  o f th e  cana l ra y s , which a re
o th e rw ise  in c id e n t  on th e  cathode fa c e , a s  they  p ass  through th e  h o le
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and e x c i te  th e  g as  i n  th e  low er p a r t  of th e  v e s s e l .  F a s t e le c t ro n s  
d e riv e d  from th e  cathode fa c e  and i n  th e  e-beam f ila m e n t e x c i te  th e  
g as in  th e  upper chamber. In  a n o th e r  experim ent, G o ld s te in  d e s c r ib e s  
th e  d e f le c t io n  o f an e-beam, produced by a  hollow  m etal c y l in d r ic a l  
ca th o d e , by a  s e p a ra te  w ire  cathode ( f i g  2 .1 1 ) . More r e c e n t ly ,  B oring 
and S ta u f f e r  [17] have in v e s t ig a te d  e-beam p ro d u c tio n  in  argon a t  
0 ,0 0 2 -0 ,013mb, and i n  helium  a t  0 .0 7 -0 .1 3  mb w ith  e n e rg ie s  up to  
lOOkeV u sin g  a type ( I )  e -gun . The beam i s  g e n e ra te d  u s in g  a  h o le  
a p e r tu re  of about 6mm d iam ete r and an in t e r n a l  c a v i ty  o f about 25mm 
d iam ete r. The beam i s  s u f f i c i e n t ly  c o llim a te d  to  ca rry  o u t h e a t 
tre a tm e n t and w eld ing  o f  m e ta ls  a t  a ta r g e t  a re a  about 100mm away from
th e  cathode fa c e .  Popa e t - a l  have in v e s t ig a te d  th e  e l e c t r i c a l
c h a r a c te r i s t i c s  o f  a  type ( I I )  e-gun  u sin g  low p re s su re  hydrogen
(0 .0 3 - 0 .Imb) [1 8 ] . The gun d es ig n  a llo w s th e  o v e ra l l  dep th  o f th e
h o le  to  be a d ju s te d . They observe a correspondence between th e  h o le  
dep th  and th e  beam c u r re n t ,  w ith  deeper h o le s  p roducing  more in te n s e  
e-beam s. B eam -like plasm a g e n e ra te d  by an HCD o p e ra tin g  i n  a h igh  
v o lta g e  mode, u s in g  low p re s s u re  neon, argon o r hydrogen, has been 
re p o r te d  a ls o  [ 1 9 ] ,[2 0 ] .
R ecen tly , a  type ( I I )  e-gun  w ith  a h o le  d iam ete r o f 4.7mm has 
been used by Rocca e t - a l  [21] to  g e n e ra te  an e-beam a t  th e  r e l a t i v e ly  
high p re s s u re s  o f 0 .4-2 .0m b i n  helium , and 0.1-0.5m b i n  argon . The 
body o f th e  gun i s  w a te r  coo led  a llo w in g  co n tin u o u s o p e ra t io n  w ith  a  
Cathode f a l l  of 1-1OkV a t  c u r re n ts  up to  lOOmA. The h o le  in  th e  
cathode i s  open-ended and a llo w s  a  c le a r  o p t ic a l  p a th  through th e  
cathode body. T his ty p e  of e-gun i s  th e re fo re  e s p e c ia l ly  w e ll s u i te d  
fo r  lo n g i tu d in a l  pumping o f g as  l a s e r s  s in c e  th e  e-beam can be 
produced c o l l in e a r ly  w ith  th e  o p t ic  a x is ,  and w ith  th e  a x is  o f th e  
g a in  medium. In  c o n t r a s t ,  th e  e-gun shown in  f i g  2 .5  g e n e ra te s
30
e le c tro n s  e s s e n t i a l ly  o f f - a x i s .  Those e le c t ro n s  produced by th e  o u te r  
re g io n s  o f th e  gun fa c e  may t r a v e l  some d is ta n c e  lo n g i tu d in a l ly  b e fo re  
in t e r s e c t in g  th e  g a in  volume, a c y l in d r ic a l  volume, whose o u te r
d iam ete r i s  equal to  th e  d iam ete r of th e  sh ie ld e d  h o le . A p ro p o r tio n
o f th e  beam energy i s  undoubtedly  w asted i n  e x c i t in g  th e  o u te r  re g io n s  
o f th e  gas w hich cannot c o n tr ib u te  to  la s in g  a c t io n .
The d isch a rg e  mechanisms which govern  th e  p ro d u c tio n  o f an e-beam 
from a p e r fo ra te d  cathode have been th e  s u b je c t o f r e l a t i v e ly  few 
in v e s t ig a t io n s .  In fo rm a tio n  concern ing  th e  p a r t i c l e  d e n s i t i e s  and io n  
and e le c t r o n  e n e rg ie s  i n  d i f f e r e n t  re g io n s  o f th e  beam d isch a rg e  i s  
la c k in g . A knowledge o f th e se  would en ab le  a  rough assessm en t o f th e  
im portance o f space charge e f f e c t s .  More im p o rta n tly , only a few
measurements o f th e  e l e c t r i c  f i e l d  d i s t r i b u t io n  around th e  e-beam 
f ila m e n t and in s id e  th e  cathode c a v ity  have been re p o r te d . B oring and 
S ta u f f e r ,  however, have i d e n t i f i e d  an in t e r n a l  plasm a in  th e  h o le  
c a v ity  and, w ith  th e  a id  o f a  sam pling probe of tu n g s te n  w ire , 
e s ta b l is h e d  t h a t  th e  plasm a h as  a  p o s i t iv e  p o te n t ia l  w ith  re s p e c t  to  
th e  cathode. T his i s  observed  to  be a few hundred v o l t s  in  argon  when
th e  tube v o lta g e  i s  around lOkV, T his i n t e r n a l  plasm a i s  th o u g h t to
a c t  a s  a source  of slow e le c tro n s  f o r  th e  e-beam. C ontro l of th e  
e-beam c u r re n t  h a s  been ach ieved  by in c o rp o ra tin g  a t h i r d  g r id  
e le c tro d e  c lo se  to  th e  w a lls  in s id e  th e  c a v i ty ,  which can be 
s e p a ra te ly  b ia se d  w ith  a  low DC p o te n t ia l .  Beam c u t - o f f  i s  observed  
when th e  g r id  i s  n e g a tiv e ly  b ia se d  by about 10 v o l t s .  T h ere fo re , i t  
i s  sug g ested  t h a t  th e  e le c t ro n s  a re  p robably  d e riv e d  from th e  c a v ity  
w a lls  i n i t i a l l y ,  and re le a s e d  by secondary em ission  fo llo w in g
bombardment by e n e rg e t ic  io n s  and ÜV pho tons. M ention i s  a ls o  made of 
th e  im portance o f th e  e l e c t r i c  f i e l d s  i n  th e  re g io n  o f th e  h o le
a p e r tu re  in  d e te rm in in g  th e  q u a l i ty  of th e  e-beam, a lth o u g h  th e  a c tu a l
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form of th e  e l e c t r i c  f i e l d  d i s t r i b u t io n  around th e  h o le  a p e r tu re  and 
in s id e  th e  c a v ity  i s  n o t r e p o r te d .
The t r a n s i t i o n  o f th e  e-beam d isch a rg e  to  th e  HCD mode, which 
l i m i t s  th e  beam c u r re n t  o b ta in a b le  from t h i s  ty p e  of e le c t r o n  gun, has 
been in v e s t ig a te d  by van P aassen  e t - a l .  They su g g es t t h a t  th e  
t r a n s i t i o n  i s  b rough t about by th e  b u ild -u p  o f  a conducting  b rid g e  
caused by th e  h igh  c u r re n t  e-beam o r ig in a t in g  a t  th e  h o le  a p e r tu re ,  
and th e  f lu x  o f io n s  t r a v e l l i n g  a lo n g  th e  c e n t r a l  a x is  i n  th e  o p p o s ite  
d i r e c t io n  to  p a ss  i n to  th e  c a v i ty .  They dem onstra te  t h a t  th e  
o p e ra t io n a l range o f th e  e le c t ro n  gun may be ex tended  by a l t e r in g  th e  
shape o f th e  e l e c t r i c  f i e l d  d i s t r i b u t io n  around th e  h o le  a p e r tu re  by 
u s in g  a concave shaped ca th o d e . T h is a c t s  to  defocus th e  io n  f lu x  
in c id e n t  on th e  cathode a p e r tu re .
In  c o n c lu s io n , e le c t r o n  beams a e r iv e d  from  p e r fo ra te d  ca th o d es 
u s in g  open-ended h o le s  can pe used a s  a novel and e f f i c i e n t  method of 
pumping r a r e  g as  l a s e r s  u sing  e n e rg e t ic  e le c t r o n s .  The e-beam can be 
g e n e ra te d  a lo n g  th e  c e n t r a l  a x is  o f th e  e le c t ro n  gun, which can be 
used a lso  a s  th e  o p t ic  a x is  o f th e  l a s e r .
2 .1 .2 .3  E l e c t r o s t a t i c  and M agnetic Focussing
An e s s e n t i a l  f e a tu r e  of th e  glow d isch a rg e  e-guns d isc u sse d  i n  
th e  p rev io u s  s e c t io n s  i s  t h a t  th e  anode i s  p laced  i n  th e  FDS re g io n , 
w e ll c l e a r  of th e  CDS and NG. I t s  p o s i t io n  w ith in  th e  FDS does n o t
a f f e c t  th e  p r o p e r t i e s  o f th e  CDS and NG s in c e  th e  e le c t ro n
t r a j e c t o r i e s  from a  cathode runn ing  a t  s e v e ra l kV a re  h ig h ly  
d i r e c t io n a l .  The e le c t r o n s  move acco rd in g  to  th e  shape of th e
e l e c t r i c  f i e l d  w ith in  th e  CDS which i s  determ ined  by th e  p r o f i l e  of
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th e  cathode. F urtherm ore , s in c e  th e  e l e c t r i c  f i e l d  d e c re a se s  l i n e a r ly  
a c ro s s  th e  CDS, most o f th e  e le c t ro n  a c c e le r a t io n  ta k e s  p la ce  over th e  
f i r s t  p a r t  of th e  CDS, c lo se  to  th e  cathode ra c e .
I f  th e  anode i s  p la ced  very  c lo se  to  th e  cathode w ith  a
s e p a ra t io n  l e s s  th a n  th e  th ic k n e s s  o f th e  CDS, however, a  d isch a rg e  
cannot be e s ta b l is h e d  a c ro s s  th e  narrow gap because th e  e le c tro n s  
cannot cascade to  i n i t i a t e  breakdown o f th e  gas b e fo re  h i t t i n g  th e  
anode. Breakdown can only  occur i f  th e  Paschen c r i t e r i o n  f o r  e le c t ro n  
av alan ch e  i s  s a t i s f i e d  [53 . I f  a  gap i s  l e f t  in  th e  anode of w id th  G 
which i s  la rg e  compared to  th e  CDS th ic k n e s s  d^ (G » d ^ ) , an  e-beam 
d isc h a rg e  can be e s ta b l is h e d  w ith  a  beam d iam ete r com parable to  G a s  
su g g ested  by Dugdale [22] and shown in  f i g  2 .1 2 . I f  a  narrow er gap o f
w id th  g i s  l e f t  i n  th e  anode (where g<dg) however, th e  edge e f f e c t s
can be used to  r a d ic a l ly  a l t e r  th e  p r o f i l e s  o f  th e  e q u ip o te n t ia l  
s u r fa c e s  a s  shown i n  f i g  2 .1 3 . The r e s u l t in g  e l e c t r i c  f i e l d  around 
th e  a p e r tu re  draws th e  io n  f lu x  in c id e n t  on th e  cathode tow ard th e  
c e n tre  of th e  cathode fa c e  where most of th e  secondary e le c t ro n s  a re  
th e n  g e n e ra te d . The e le c t ro n s  appear to  o r ig in a te  from th e  c e n tre  
p a r t  o f th e  cathode and form a  th in ,  s l i g h t ly  d iv e rg in g  beam. By 
in c lu d in g  a  second anode o r  g r id  elem ent between th e  anode and
cathode , w ith  a d iam ete r th e  same a s  t h a t  of th e  o r ig in a l  anode, th e
e q u ip o te n t ia ls  can be shaped f u r th e r  by ap p ly in g  a  s u i ta b le  b ia s  
p o te n t ia l  to  th e  g r id  a s  shown in  f i g  2 .14  [2 3 ] .  The e l e c t r i c  f i e l d  
between th e  g r id  and cathode a c t s  a s  an e le c t ro n  le n s  to  produce a
converg ing  e f f e c t  on th e  beam when th e  sp ac in g s  (d) betw een th e
elem en ts  a re  eq u a l. The g r id  i s  b ia sed  a t  a  p o te n t ia l  approx im ate ly  
midway between th e  anode/cathode p o te n t ia l .
M agnetic fo c u s s in g  o f  an e-beam g e n e ra te d  by a p e r fo ra te d  e-gun 
h as  been employed by Rocca e t - a l  [21] a s  i l l u s t r a t e d  i n  f i g  1.11 and
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f i g  2 .1 5 . The e-gun i t s e l f  i s  p laced  a t  one end of th e  magnet w ith
e le c t ro n s  be ing  drawn in to  a  th in  column by th e  'fu n n e l*  o f th e  
m agnetic f i e l d .  M agnetic confinem ent of th e  e le c t ro n s  i s  th u s  used to  
m a in ta in  beam c o l l im a tio n  th roughou t th e  le n g th  of th e  NG.
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F ig  2 .1 .  D ischarge param eters  of an abnormal glow d isch a rg e  in  
helium  a t a few mb, w ith  a  tube v o lta g e  (V) o f around 200-300V 
(adap ted  from [ 1 ] ) .
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F ig 2 .2 a . An e le c t r o n  energy d i s t r i b u t io n  in  th e  NG n ea r th e  
CDS/NG boundary of a  helium  d isch a rg e  a t  20mb, w ith  a cathode 
f a l l  of 270V [ 6 ] .  The h o r iz o n ta l  v o lta g e  s c a le  r e f e r s  to  th e
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Fig 2 .2 b ;c . E le c tro n  energy d i s t r i b u t io n s  in  th e  NG of 
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Fig  2 .2 d , E le c tro n  energy d i s t r i b u t io n s  a t  th e  CDS/N3 boundary
fo r  th re e  v a lu e s  of th e  Cathode f a l l  [ 8 ] .
anodeequ ipo ten tia ls
cathode
sh ie ld
Fig 2 ,3 . P ro d u c tio n  of f a s t  e le c tro n s  in  th e  cathode re g io n  of 
an abnormal glow d isch a rg e  in  helium  a t  1-2mb; th e  Cathode glow 
reg io n  i s  not shown. The anode i s  lo c a te d  in  th e  FDS which i s  
a d ja c e n t to  th e  NG,
equ ipo ten tia ls
cathode
Fig  2 ,4 , Focussing  a c t io n  of a curved cathode in  an abnormal 
glow d isch a rg e  w ith  a fo c a l le n g th  com parable w ith  th e  ra d iu s  of 






Fig 2 .5 . Annular e le c t ro n  gun of th e  
lo n g i tu d in a l  pumping of gas l a s e r s  [1 3 ] . 
used in  [13] i s  no t shown.
same type used f o r  
The m agnetic f i e l d
NG CDS
Fig 2 .6 . A hollow cathode d isch a rg e  in  which an in te n s e  NG 
re g io n  o ccu p ies  th e  i n t e r i o r  of th e  cathode. The anode (n o t
shewn) i s  lo c a te d  o u ts id e  th e  cav ity  and i s  connected to  th e  
in te r n a l  plasm a by a plasm a f ila m e n t passing  through th e  h o le  
a p e r tu re .
!CDS NG
F ig  2 .7 .  P ro d u c tio n  of an e le c tro n  beam from a  cathode w ith  an 
in t e r n a l  c a v ity  o p e ra tin g  i n  th e  high impedance, e le c tro n  beam 
mode (type  I ) .
gain volume m x x x x i e-beam
F ig  2 ,8 .  P ro d u c tio n  of an e le c t r o n  beam from a d r i l l e d  cathode 
o p e ra tin g  in  th e  h igh  impedance mode (type I I ) , When th e  h o le  
i s  open-ended and th e  gun i s  s e t  c o a x ia lly  w ith  th e  o p tic  a x is  
o f a l a s e r ,  th e  w id th  of th e  a c t iv e  medium i s  l im i te d  by th e  
h o le  d iam ete r.
CDS
Fig 2 .9 ,  P rod u c tio n  of an e le c tro n  beam in  helium  a t  low 




Fig  2 .1 0 . D ischarge tube used to  in v e s t ig a te  ’ cathode r a y s ’ and 
’ canal r a y s ’ in  v a r io u s  g ases  [153 .
Fig 2 .11 . An in v e s t ig a t io n  in to  th e  behav iour of an e le c t r o n  
beam produced by a hollow  m etal c y l in d e r  (a ) [1 6 ] .
equipotentialsanode
Fig 2 .1 2 a , P ro d u c tio n  of f a s t  e le c tro n s  
surrounded by a c lo s e ly  spaced anode [20 ].
by a p lane cathode
F ig 2 .12b . P rod u c tio n  of a converging beam of f a s t  e le c t ro n s  




Fig  2 . 13. P rodu c tio n  of a th in  d iv e rg in g  e le c t r o n  beam from a 








Fig 2 .1 4 . E le c t r o s ta t i c  fo c u ss in g  of a th in  e le c t ro n  beam by a 
tw in anode e le c t r o n  gun. The beam i s  made to  converge or 
d iverge  by a d ju s t in g  th e  anode p o te n t ia l  V2 [2 1 ] .
f ie ld  lines field c o i l s - o  O O O
Fig  2 .15 . M agnetic fo c u ss in g  of f a s t  e le c t ro n s  g en era ted  by a 
sim ple p la n a r  cathode.
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C hapter 3
3 E xperim ental I n v e s t ig a t io n  o f Glow D ischarge E le c tro n  Guns
3.1 P re lim in a ry  S tu d ie s  o f e -eu n s i n  Helium and Deuterium
An e le c t r o n  gun o f s im i la r  design  to  t h a t  used by B oring  and 
S ta u f f e r  has  been c o n s tru c te d  to  in v e s t ig a te  th e  c h a r a c t e r i s t i c s  o f  an 
e-beam d isch a rg e  o p e ra tin g  i n  helium  in  th e  p re s su re  regim e of 1-10 mb 
[13 . The c i r c u la r  s t a i n l e s s  s t e e l  ca thode , which i s  shown in  
f i g  3 .1 a , i s  machined to  ach iev e  a c lo se  f i t  in s id e  a  q u a r tz  ja c k e t  of 
d iam ete r 2cm. T his c o n fin e s  th e  d isch a rg e  to  th e  f r o n t  fa c e  of th e  
ca thode . The e le c t r o n  beam i s  produced from a h o le  o f d iam ete r 2mm
d r i l l e d  i n  th e  c e n tre  of th e  cathode fa c e . The cathode a ls o  
in c o rp o ra te s  an in t e r n a l  c a v ity  to  a c t a s  a  source  of e le c t ro n s  fo r  
th e  beam. E le c tro n  em ission  from th e  f r o n t  fa c e  of th e  cathode i s  
p rev en ted , however, by th e  in c lu s io n  of a  q u a r tz  s h ie ld  p laced  c lo se  
to  th e  cathode fa c e  w ith  a gap o f about 0 .5mm. A 2mm h o le  a t  th e  
c e n tr e  of t h i s  s h ie ld  a llo w s th e  e-beam d isc h a rg e  to  be e s ta b l is h e d  so 
t h a t  th e  d isc h a rg e  c u r re n t  can be a t t r ib u t e d  s p e c i f i c a l ly  to  th e  flow 
o f charged p a r t i c l e s  a t  th e  cathode a p e r tu re .  Ajnumber of sm all h o le s  
o f d iam ete r 1mm a re  a ls o  d r i l l e d  i n  th e  s id e  w a ll o f th e  cathode to  
observe th e  i n t e r n a l  plasm a in  th e  cathode c a v i ty .  A tu n g s te n  p in  
anode i s  lo c a te d  i n  a s id e  lim b i n  th e  vacuum v e s s e l about 20cm away 
from th e  cathode fa c e . The e le c tro d e s  a re  connected to  a  DC power 
supply  in  s e r i e s  w ith  a b a l l a s t  r e s i s t o r  o f 2 0 k A  to  p rev en t a rc in g
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( f i g  3 .1 b ) .
The system  i s  pumped down to  around lO"^ mb u s in g  an  o i l  
d i f f u s io n  pump and U.H.P. g rade helium  (99.995%) i s  th en  b a c k f i l le d  
i n to  th e  system , v ia  a n eed le  v a lv e , to  p rov ide gas p re s s u re s  between 
1-10 mb. The i n t e r i o r  s u r f a c e s  o f th e  d isch a rg e  tube a re  c lean ed  by 
runn ing  a d isc h a rg e  f o r  a  p e rio d  o f s e v e ra l hours w ith  s e v e ra l new 
f i l l s  o f g a s . R e p ro d u c ib ili ty  of th e  V -I c h a r a c t e r i s t i c s  o f  th e  
d isc h a rg e , which a re  shown in  f i g  3 .2 a , i s  ach ieved  by re c o rd in g  each 
curve q u ic k ly  ( " I s e c )  to  overcome h e a tin g  and s p u t te r in g  e f f e c t s .  
Each curve i s  a ls o  reco rd ed  a f t e r  a f r e s h  f i l l  of helium , and a f t e r  
runn ing  th e  d isc h a rg e  f o r  a  p e r io d  of s e v e ra l m inu tes a t  low c u r re n t  
(<0.5mA). At h igh  helium  p re s s u re s ,  or a t  low tube v o lta g e s ,  th e  NG 
does n o t ex tend  to  th e  anode and a  le n g th  of PC f i l l s  th e  rem ain ing  
space between th e  end o f th e  NG and th e  anode ( f ig  3 .1 c ) .  The sm all 
v o lta g e  drop a c ro s s  th e  PC h a s  been c a lc u la te d  from v a lu e s  o f E/p 
( V. cm”  ^.mb"”  ^) g iv e n  by von-Engel [ 2 ] ,  i n  o rd e r  to  c a lc u la te  th e  
Cathode f a l l  from th e  o v e r a l l  tube v o lta g e .  A f u r th e r  sm all 
c o r r e c t io n  i s  made to  allow  f o r  th e  Anode f a l l  p o te n t ia l  which i s  
approx im ate ly  25V.
The p o s i t iv e  V -I c h a r a c t e r i s t i c s  o f th e  d isch a rg e  dem onstra te  
th a t  e-beam p ro d u c tio n  i s  on ly  p o s s ib le  fo r  a l im ite d  range of 
d isch a rg e  p a ram e te rs . The t r a n s i t i o n  p o in ts  on th e  in d iv id u a l  V -I 
cu rves mark p o in ts  a t  which th e  d isch arg e  c u r re n t  r i s e s  ra p id ly  on a 
tim e sc a le  l e s s  th a n  “O .ls e c ,  and th e  d isch a rg e  i s  observed  to  sw itch  
from a h igh  impedance e-beam mode to  an HCD mode. S ev era l s e t s  o f 
t r a n s i t i o n  p o in ts  have been reco rd ed  on subsequen t ru n s , and a re  
i l l u s t r a t e d  c o l le c t iv e ly  in  f i g  3 .2 b . The d isch a rg e  can th u s  o p e ra te  
i n  an e-beam mode over th e  p re s s u re  range 1 .0 -1 0 .5  mb w ith  th e  
d isch a rg e  c u r re n t  re a c h in g  a  maximum o f 14 mA a t  7 .5  mb. These
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t r a n s i t i o n  p o in ts  a re  observed to  ocour a t  low er v a lu e s  o f d isc h a rg e  
c u r re n t  d u rin g  th e  'ru n n in g  i n '  p e r io d , and t h i s  su g g e s ts  th a t  
im p u r i t ie s  i n  th e  gas  may a c t  to  reduce th e  range of o p e ra tio n  o f th e  
d isc h a rg e  in  th e  e-beam mode.
When th e  d isc h a rg e  o p e ra te s  in  th e  e-beam mode, an in t e r n a l  
plasm a i s  observed  in s id e  th e  c a v ity  which i s  co n s id e ra b ly  l e s s  
in te n s e  th a n  e i t h e r  th e  NG o r PC, in  c o n t ra s t  to  th e  o b s e rv a tio n s  of 
B oring  and S ta u f f e r .  I t  has a  co lo u r s im i la r  to  t h a t  o f th e  PC and 
Anode glow, and may th e re fo re  r e p re s e n t  a  weak plasm a re g io n . I t  i s  
no ted  a ls o  t h a t  th e  e le c t r o n  beam f lu x  from th e  h o le  a p e r tu re  i s  n o t 
w e ll c o llim a te d  compared w ith  th e  o b se rv a tio n s  o f B oring  and S ta u f f e r ,  
and t h i s  may be due to  o p e ra tin g  th e  d isch a rg e  in  th e  h igh  p re s su re  
reg im e. At h igh  p re s s u re , in c re a se d  s c a t t e r in g  o f th e  beam e le c t ro n s  
i s  to  be ex p ec ted . I t  i s  p o s s ib le ,  however, th a t  th e  q u a r tz  cover 
p laced  im m ediately  in  f r o n t  of th e  a p e r tu re  may accum ulate a  s t a t i c  
charge when th e  d isc h a rg e  i s  ru n n in g , and a f f e c t  th e  e l e c t r i c  f i e l d  
d i s t r i b u t io n  in  th e  CDS.
S ev era l e-beam d isc h a rg e  tu b e s  have been o p e ra ted  i n  Deuterium 
gas  i n  th e  p re s s u re  range ~ 0 .7 -1 .3  mb. These s tu d ie s  have been 
c a r r ie d  ou t in  c o l la b o ra t io n  w ith  th e  E ng lish  E le c t r i c  Valve Co. [ 3 ] .  
The d isch a rg e  tube shown in  f i g  3*3 c o n s is t s  o f a  Kovar cathode w ith  a 
'“1.5mm d iam ete r c a v i ty ,  and i s  s e a le d  in to  a  g la s s  envelope to g e th e r  
w ith  a Tungsten p in  a c t in g  a s  th e  anode. The e-beam i s  used to  e x c i te  
a f lu o re s c e n t  la y e r  d e p o s ite d  on th e  in s id e  of th e  g la s s  tube (see  
Appendix I I I ) .  The d isc h a rg e  i s  observed  to  o p e ra te  w ith  a  Cathode 
f a l l  o f up to  4kV, and w ith  a beam c u r re n t  o f up to  “ 6mA, and 
c o l l im a tio n  o f  th e  beam i s  observed  to  be b e t t e r  th an  seen w ith  th e  
tube in  f i g  3 .2 a . T his d em o n stra tes  th e  im portance o f th e  
e q u ip o te n t ia ls  around th e  h o le  a p e r tu re  in  th e  fo rm atio n  o f a
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c o llim a te d  e-beam. O b stac le s  p laced  i n  t h i s  re g io n , w hether 
in s u la to r s  o r co n d u c to rs , appear to  a f f e c t  th e se  e q u ip o te n t ia ls .  The 
im portance o f th e  e x te rn a l  CDS in  th e  fo rm atio n  o f  th e  beam i s  
i l l u s t r a t e d  f u r th e r  by th e  d isch a rg e  g en e ra ted  by th e  cathode shown in  
f i g  3 .4 . The e-beam i s  produced p e rp e n d ic u la r  to  th e  f r o n t  fa c e  in  
t h i s  c a se , and n o t in  a  d i r e c t io n  c o l l in e a r  w ith  th e  h o le . This 
confirm s, th e re fo re ,  th a t  th e  bulk  o f th e  Cathode f a l l  i s  norm ally  
lo c a te d  in  f r o n t  o f th e  h o le  c a v i ty ,  when th e  d isch a rg e  o p e ra te s  in  
th e  e-beam mode.
3 .2  DiJLgnostic T echniques i n  th e  Cathode Region
E le c tro n  beam p ro d u c tio n  from p e r fo ra te d  ca thodes h as  been th e  
s u b je c t o f r e l a t i v e ly  few in v e s t ig a t io n s .  Known c h a r a c te r i s t i c s  o f 
th e  plasm a in  th e  cathode re g io n s  o f such d is c h a rg e s  have been 
summarised i n  th e  p rev io u s  c h a p te r . From th e  r e s u l t s  o f  s e v e ra l 
p re lim in a ry  experim en ts  w ith  e-beam d isc h a rg e s  in  helium  and i n  
deu terium , a s p e c ts  o f  th e  behav iour o f th e se  ca thodes can be
id e n t i f i e d  f o r  f u r th e r  in v e s t ig a t io n :
1. The f a c to r s  which determ ine th e  o p e ra tin g  regim e of th e  
d isc h a rg e  in  th e  e-beam mode, and c o n d itio n s  under which th e  
d isch a rg e  sw itch es  to  a  low impedance mode;
2. P o s s ib le  e x te n s io n  o f th e  t r a n s i t i o n  p o in ts  to  allow  th e  
d isch a rg e  to  o p e ra te  s ta b ly  in  th e  e-beam mode a t  h ig h e r  
c u r re n t  l e v e l s ;
3. The r o le  of th e  in t e r n a l  plasm a in  th e  fo rm atio n  o f th e  e-beam.
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Plasm a d ia g n o s t ic s  c a r r ie d  o u t in  th e  CDS and NG re g io n s  a re
n o to r io u s ly  d i f f i c u l t  to  perform  due to  th e  non-M axw ellian |
i
d i s t r i b u t io n  o f e le c t r o n  e n e rg ie s  in  both  re g io n s . There a re  a  number |
i
of d ia g n o s t ic  m ethods used to  examine th e se  re g io n s  f o r  d isc h a rg e s  i
w ith  sim ple p lan e  ca th o d es . These methods may be a p p lie d  to  |
in v e s t ig a te  e-beam d is c h a rg e s . Langmuir probes cannot be used e a s i l y  jI
in  th e  CDS re g io n  because th e  e l e c t r i c  f i e l d  i s  la rg e  and j
non-uniform . More im p o rta n tly , o b je c ts  p laced  i n  th e  CDS in t e r r u p t  |
p a r t  of th e  io n  f lu x  to  th e  ca thode , and p a r t  o f th e  e le c tro n  f lu x  i n
th e  o p p o s ite  d i r e c t io n ,  th e re b y  in c re a s in g  th e  d isch a rg e  im pedance. |
I
To a  l e s s e r  e x te n t ,  p robes p laced  in  th e  NG a f f e c t  th e  io n i s a t io n  
b a lan ce  by b lo ck in g  p a r t  o f th e  f lu x  o f f a s t  e le c t r o n s .  T his i s  '
p robably  l e s s  im p o rtan t a t  sam pling p o in ts  in  th e  glow f u r th e r  from 
th e  CDS/NG boundary. Popa e t - a l  a ls o  e x p re ss  doub ts  about th e  
s u i t a b i l i t y  o f Langmuir p robes f o r  use in  th e  cathode re g io n s  because 
f a s t  beam e le c t ro n s  c o l l id e  w ith  th e  probe to  g e n e ra te  slow secondary 
e le c tro n s  [ 4 ] .  S im ila r  problem s a re  l i k e ly  to  be encoun tered  by 
p la c in g  sm all o r i f i c e s  in  th e se  re g io n s  to  a c t  a s  e le c t r o n  o r  io n  
sam plers. D is to r t io n  o f th e  low energy re g io n  o f th e  e le c t ro n  energy 
spectrum  i s  r e p o r te d  py G i l l  and Webb when th e  sam pling o r i f i c e  ( in  
t h i s  case a h o le  d r i l l e d  i n  th e  anode) i s  p laced  n e a r to  th e  CDS/NG 
boundary [5 ] .
P a r t i c l e s  in c id e n t  on th e  cathode face  may be sampled th rough  a 
sm all h o le  d r i l l e d  i n  th e  cathode a s  dem onstra ted  by D avis and 
V an d ers lic e  [ 6 ] .  The p e r tu rb a t io n  o f th e  d isch a rg e  c u r re n t  i s  
n e g l ig ib le  i f  th e  h o le  s iz e  i s  sm all compared w ith  th e  cathode a re a . 
Although t h i s  type  of experim ent y ie ld s  im p o rtan t in fo rm a tio n  about 
th e  f lu x  and e n e rg ie s  o f p a r t i c l e s  in c id e n t  on th e  cathode fa c e , i t  
cannot be used to  examine th e  f lu x  o f e le c tro n s  t r a v e l l i n g  in  th e
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o p p o s ite  d i r e c t io n .  F luo rescen ce  spec tro sco p y  can be used to  
in v e s t ig a te  th e  p o p u la tio n  o f e x c ite d  atom ic and io n ic  s t a t e s .  With 
p ro p er allow ance b e in g  made f o r  cascade pumping from  h ig h e r s t a t e s ,  
m easurem ents o f l i n e  i n t e n s i t i e s  can be used to  p re d ic t  th e  form  of 
th e  e le c t r o n  energy  d i s t r i b u t io n  fu n c tio n . U nlike f lu o re sc e n c e  
sp ec tro sco p y , a b s o rp tio n  and o p to g a lv a n ic  sp ec tro sco p y  both  re p re s e n t  
a  source  o f p e r tu rb a t io n  to  th e  d isch arg e  and fu rth e rm o re , they  can 
u su a lly  be used to  m easure m e ta s ta b le  p o p u la tio n s  o n ly .
The o b se rv a tio n s  o f th e  in t e r n a l  plasm a in  a  p e r fo ra te d  cathode 
by B oring  and S ta u f f e r  in d ic a te  th a t  th e  e l e c t r i c  f i e l d s  i n  th e  plasm a
a re  low compared w ith  th o se  in  th e  CDS. I f  t h i s  i s  a ls o  th e  case a t
h ig h e r  p re s s u re , th e  in te r n a l  glow may be am enable to  probe a n a ly s is
to  in v e s t ig a te  f i e l d  s t r e n g th s  a t  p o in ts  in s id e  th e  c a v i ty .  However,
s in c e  th e  c a v ity  d im ensions must be reduced  a t  h ig h e r p re s su re  to  
o p e ra te  w ith in  th e  e-beam regim e, th e  probe s iz e  has to  be reduced . 
I t  i s  n ecessa ry  a ls o  to  en su re  th a t  th e  th ic k n e s s  o f th e  probe sh ea th  
i s  sm all compared w ith  th e  d im ensions o f th e  h o le . Furtherm ore, t h i s  
sh ea th  i s  l i k e ly  to  be asym m etric due to  th e  d i r e c t io n a l i t y  o f th e  
io n s  and th e  e le c t ro n s  i n  th e  d isch a rg e  glow n e a r th e  ca thode . 
F i t t i n g  sm all b ia s in g  g r id s  in to  th e  c a v ity  i s  more d i f f i c u l t  a t  high 
p re s s u re  fo r  a  s im i la r  rea so n . The c u r re n t f lu x  a t  th e  h o le  a p e r tu re  
i s  a ls o  o f  prim e i n t e r e s t  and can be compared w ith  th e  c u r re n t f lu x  
d e riv e d  from th e  same a re a  of a f l a t  ca thode . O v e ra ll, much 
in fo rm a tio n  can be g lean ed  from tn e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f 
p e r fo ra te d  ca th o d es  when compared w ith  th e  c h a r a c t e r i s t i c s  o f sim ple 
p lan e  cathodes o p e ra t in g  under o th e rw ise  id e n t i c a l  d isch a rg e  
c o n d itio n s .
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3 .3  El-e.o^ricaJ^-CharaQt_er_lsti03 o f P e rfo ra te d  Cathode E lec t r o n  guns
P e rfo ra te d  ca th o d es  o p e ra te  in  th e  e-beam mode over a l im i te d  
range o f d isc h a rg e  p a ram ete rs . This e-beam regim e h as  been 
in v e s t ig a te d  f o r  e-gun  ca th o d es u s in g  a  wide range of a p e r tu re  s iz e s ,  
a s  shown in  f i g  3 .5 .  These ca th o d es  a re  mounted i n  th e  d isch a rg e  c e l l  
shown in  f i g  3 .6 ,  and a r e  in te rc h a n g e a b le , a llo w in g  c h a r a c t e r i s t i c s  o f 
each one to  be in v e s t ig a te d  i n  th e  same ex p erim en ta l environm ent. A 
p lan e  'c o n tro l*  cathode i s  a ls o  c h a ra c te r is e d  to  a c t  as  a  b a s e lin e  f o r  
com parison w ith  a l l  th e  e-beam ca th o d es . Edge e f f e c t s  around th e  
cathode p e r im e te r , r e s u l t in g  i n  a  reduced c u r re n t  f lu x  a t  th e  cathode 
p e r im e te r , have been in v e s t ig a te d  by Chaudhri and Baqui [7 J . These 
a re  l i k e ly  to  be s ig n i f i c a n t  when th e  cathode d iam eter i s  com parable 
to  th e  CDS w id th  d^. However, by comparing th e  c h a r a c t e r i s t i c s  o f th e  
e-gun ca thodes w ith  th o se  of th e  ‘c o n t ro l ’ ca thode , d i f f e r e n c e s  t h a t  
a r i s e  can be a t t r i b u t e d  to  th e  p resence of th e  a p e r tu re  and e-beam 
f i la m e n t .  Beam p ro d u c tio n  from la r g e r  ca th o d es  w ith  m u lt ip le  
a p e r tu r e s  h as  been in v e s t ig a te d  a ls o .
3 .3 .1  E xperim ental Arrangement
The d isc h a rg e  c e l l  shown in  f i g  3 .6  (and p la te  1) c o n s is ts  o f a  
q u a r tz  tube 300mm in  le n g th ,  65mm I .D . . h e ld  between two s t a i n l e s s  
s t e e l  end f la n g e s  w ith  ‘o ’ r in g  s e a l s .  Helium g as  (U .H .P. grade 
99 . 995%) e n te r s  th e  c e l l  th rough one end f la n g e ,  and th e  c e l l  i s  
evacuated  th rough  a p o r t  in  th e  o p p o s ite  f la n g e . The e-gun ca thodes 
a r e  h e ld  i n  a rm o v a b le  mount which i s  s e a te d  c e n t r a l ly  on one end 
f la n g e  by an ‘o ’ r in g  s e a l  and a perspex  clam ping p la te .  The mount i s
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co n v en ien tly  w ithdraw n from th e  r e a r  of th e  f la n g e  to  change ca thodes
w ith o u t d is tu rb in g  th e  main f la n g e  s e a ls .  A ll p a r t s  o f th e  cathode
ex cep t th e  f r o n t  fa c e  a re  s h ie ld e d  from th e  d isc h a rg e . T his i s  
ach ieved  by u s in g  a  c lo s e ly  f i t t i n g  q u a r tz  ja c k e t  around th e  cathode
mount, and an e l e c t r i c a l l y  i s o la te d  m eta l end cap which i s  s e t  c lo se
to  th e  cathode body. The cathode assem bly i s  h e ld  a t  n e g a tiv e  
p o te n t ia l  w h ils t  th e  anode and end f la n g e s  a re  a l l  e a r th e d . A b a l l a s t  
r e s is ta n c e  o f 20kJ% i s  used between th e  power supply and cathode a s  a 
c u r re n t  l i m i t e r  to  p rev en t a rc in g . The vacuum system  used to  pump th e  
d isch a rg e  c e l l  i s  shown in  f i g  3 .7 .  A ll s u r fa c e s  i n  th e  d isch a rg e  
c e l l  in  c o n ta c t w ith  th e  vacuum have been deg reased  u s in g  a c e to n e , and 
th e  cathodes a re  c lean ed  w ith  ace tone more tho rough ly  in  an u l t r a s o n ic  
b a th . The d isch a rg e  tube h as  been h ea ted  to  ~80°C u s in g  h e a t in g  ta p e s  
fo r  about 24 h o u rs . A ll vacuum s e a ls  i n  th e  system  have been te s t e d  
u s in g  a commercial helium  le a k  d e te c to r  u n i t .  The system  i s  pumped by 
an o i l  d i f f u s io n  pump to  reach  a p re s su re  o f 4 x 1 mb r o u t in e ly ,  a s  
shown on th e  io n i s a t io n  gauge. The base p re s su re  in  th e  d isch a rg e  
c e l l  may be s l ig h t ly  n ig h e r  due to  a  lo s s  o f pumping speed th rough th e  
be llow s co n n ec to rs . D uring p re lim in a ry  experim en ts w ith  th e  d isch a rg e  
c e l l ,  i t  has been found t h a t  re p ro d u c ib le  e l e c t r i c a l  c h a r a c t e r i s t i c s  
o f  th e  cathode can only  be reco rd ed  i f  a flow  o f helium  through th e  
d isch a rg e  c e l l  i s  m a in ta in ed . For a  se a le d  o f f  system , o p e ra tio n  of 
th e  e-gun  ca thodes i n  th e  e-beam mode i s  found to  be u n s ta b le , and 
se v e re ly  r e s t r i c t e d .  S im ila r  u n favou rab le  c h a r a c te r i s t i c s  a re  
observed  i f  th e  cathode i s  n o t c lean ed . S c i n t i l l a t i o n s ,  o r m ic ro -a rc  
d is c h a rg e s , a re  observed  on th e  cathode fa c e  and a re  accompanied by 
b u r s ts  o f c u r re n t ,  when th e  d isch a rg e  i s  run  c o n tin u o u s ly .
For th e  cathodes in v e s t ig a te d ,  a 'ru n n in g  i n '  p rocedure  has been 
adop ted . A fte r  s e t t i n g  th e  gas p re s su re  to  Imb i n i t i a l l y ,  th e
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d isch a rg e  i s  run  a t  0.12mA ( s in g le  a p e r tu re  ca thodes) o r  0.4mA 
(m u ltip le  a p e r tu re  ca th o d es) f o r  20 m inu tes. Then, a  number of V -I 
cu rv es  a re  reco rd ed  a t  Imb, one every 5 m inu tes, u n t i l  good 
r e p r o d u c ib i l i ty  i s  observed  cetween su c c e ss iv e  cu rv es . Between 5 and 
10 V -I cu rv es  a re  reco rd ed  f i n a l l y ,  and an average i s  ta k e n  o f th e  
g roup. The s c a t t e r  between cu rv es  in  t h i s  f i n a l  group i s  observed  to  
be "5%. S ev era l p re lim in a ry  cu rv es , and between 5 and 10 f i n a l  V -I 
cu rv es , a re  reco rd ed  f o r  each subsequent p re s su re . For cu rves 
te rm in a tin g  a t  t r a n s i t i o n  p o in ts  m arking th e  t r a n s f e r  to  th e  HOD mode, 
th e  t r a n s i t i o n  p o in ts  a r e  observed  to  occur a t  v a lu e s  o f th e  d isch a rg e  
c u r re n t  which in c re a s e  s te a d i ly  d u rin g  th e  ru n n in g - in  s ta g e . 
E v en tu a lly , th e  t r a n s i t i o n s  p o in ts  them selves become re p ro d u c ib le , and 
th e  f i n a l  s e t  of cu rv es  a re  th e n  reco rd ed . O v era ll r e p r o d u c ib i l i ty  i s  
observed  only i f  th e  V -I cu rv es  a re  reco rd ed  q u ic k ly  ("1 s e c ) ,  and i f  
th e  d isch a rg e  i s  l e f t  runn ing  a t  very  low c u r re n t  (~0.1mA) between 
ta k in g  cu rv es . The V -I c h a r a c t e r i s t i c s  o f th e  p lane cathode have been 
reco rd ed  on two d i f f e r e n t  days to  t e s t  r e p r o d u c ib i l i ty ,  and agreem ent 
to  w ith in  5% i s  o b ta in e d  between th e  two s e t s  o f cu rves .
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3 .3 .2  R e su lts  of Com parative S tu d ie s
3 . 3 . 2 .1 S in g le  A p ertu re  e-guns
The V -I c h a r a c t e r i s t i c s  o f e-gun ca th o d es w ith  h o le  d ia m e te rs  
between 1mm-5mm o p e ra tin g  i n  th e  e-beam mode a r e  shown i n  f i g  3 .8 . 
The c h a r a c t e r i s t i c s  o f a  p lane cathode a re  in c lu d ed  f o r  com parison. 
The V -I cu rv es  f o r  a 1mm a p e r tu re  a re  alm ost id e n t ic a l  to  th o se  o f th e  
p lan e  cathode bu t f o r  l a r g e r  a p e r tu re s ,  th e  V -I cu rv es  r i s e  more
s te e p ly .  However, th e  p re s s u re  range over which th e  cathode o p e ra te s
i n  th e  e-beam mode i s  reduced  f o r  l a r g e r  a p e r tu re s .  For h o le  
d ia m e te rs  of 4mm and 5mm, e-beam p ro d u c tio n  i s  r e s t r i c t e d  to  1mb-3mb.
The V -I c h a r a c t e r i s t i c s  o f  th e  p lane  cathode a re  used a s  a  
b a s e lin e  to  overcome sy s te m a tic  e r r o r s  in  m easuring th e  c u r re n t 
d e n s ity  a t  th e  cathode r a c e .  These e r r o r s  a r e  caused m ainly  by edge 
e f f e c t s  around th e  cathode p e r im e te r . A r a t i o  r]j o f th e  d isch a rg e
c u r re n t  d e riv e d  from  th e  e-gun ca thodes and from th e  p lane  cathode i s
c a lc u la te d  a t  id e n t i c a l  v a lu e s  o f p re s su re  and Cathode f a l l .  A s e t  of 
c u r re n t  r a t i o s  a re  shown in  f i g  3 .9  f o r  a p e r tu re  s iz e s  2mm-5mm. No 
d is c e rn a b le  v a r i a t io n  o f Pjj w ith  Cathode r a i l  i s  observed  f o r  a  1mm 
a p e r tu re ,  bu t fo r  l a r g e r  s iz e s ,  th e  c u r re n t  d e n s ity  from e-gun 
ca thodes i s  l a r g e r  th a n  from an e q u iv a le n t a re a  of p lane ca thode . For 
l a r g e r  a p e r tu re s  o r  h ig h e r  g as  p re s s u re s ,  th e  c u r re n t  r a t i o s  a r e  
l a r g e r  bu t a r e  found a t  low er v a lu e s  o f Cathode f a l l .  For a p e r tu re  
s iz e s  2mra-4mm o p e ra tin g  a t  p re s s u re s  between 1mb-3mb, th e  r a t i o s  a re  
s im i la r  and app ea r c o n s ta n t up to  V^” 1.4kV, and th e n  in c re a s e  sh a rp ly  
f o r  n ig h e r  v a lu e s  o f V^. For h ig h e r  p re s s u re s ,  t h i s  sh arp  in c re a s e  of
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r)j o ccu rs  a t  p ro g re s s iv e ly  low er v a lu e s  o f Y^.
A f u r th e r  s e t  o f c u r re n t  r a t i o s  have been c a lc u la te d  f o r  
a p e r tu re s  o f d iam ete r 3mm w ith  d i f f e r e n t  o v e ra l l  d e p th s , a s  shown in  
f i g  3 .1 0 . A shallow  h o le  of dep th  1.5mm does n o t e x h ib i t  beaming 
c h a r a c t e r i s t i c s  ( f i g  3 .1 0 a) w hereas th e re  i s  a  marked in c re a s e  in  
w ith  r i s i n g  fo r  an a p e r tu r e  of depth  21mm ( f i g  3 .1 0 b ). C urren t
r a t i o s  f o r  d i f f e r e n t  gas p re s s u re s  between lmb-4mb, w ith  h o le  dep th  as  
a  param eter, a r e  shown i n  f i g  3 .1 0 c - f .  The c u r re n t r a t i o s  f o r  a l l  
d ep th s  a re  s im i la r  in  s iz e  a t  low Cathode f a l l ,  bu t ag a in  in c re a s e  
sh a rp ly  a t  around 1.4kV. In  a d d i t io n , a s a tu r a t io n  e f f e c t  i s  c le a r ly  
id e n t i f i e d  w ith  th e  sh a llo w er h o le s  s a tu r a t in g  f i r s t .  The e-gun o f 
depth  10mm i s  B eginning to  s a tu r a te  a t  about 3kV. These o b s e rv a tio n s  
imply t h a t  d isch a rg e  p ro c e s se s  in  th e  e-gun  c a v i ty ,  which a re  
re s p o n s ib le  f o r  th e  fo rm a tio n  o f th e  e-beam f i la m e n t ,  a re  co n fin ed  to  
th e  f r o n t  re g io n  of th e  h o le s  a t  low Cathode r a i l .  At h ig h e r  v a lu e s  
o f  V^, th e  deeper re g io n s  i n  th e  h o le s  a ls o  p a r t i c ip a te  in  th e  beam 
d isc h a rg e . S im ila r  e f f e c t s  showing s a tu r a t io n  o f beam c u r re n t  have 
been re p o r te d  by Popa e t - a l  f o r  an e-beam d isc h a rg e  in  Hydrogen [8 ] .
3 .3 .2 .2  M u ltip le  A pertu re  e-guns
S ev era l ty p e s  o f e-gun ca thodes in c o rp o ra tin g  m u lt ip le  a p e r tu re s  
have been in v e s t ig a te d .  In  a l l  c a se s , th e  e-beam f ila m e n ts  from th e  
s e p a ra te  c a v i t i e s  a r e  produced s im u ltan eo u sly  and w ith  good 
s t a b i l i t y .  The in d iv id u a l  beam f ila m e n ts  a re  observed  to  have equal 
glow i n t e n s i t i e s  and do n o t r e q u ir e  in d iv id u a l  b a l la s t i n g  o f th e  
s e p a ra te  beam ch an n e ls . The V -I c h a r a c t e r i s t i c s  o f th e se  e -guns a re  
b road ly  s im i la r  to  th o se  o f s in g le  a p e r tu re  ca th o d es, and a r e  shown in
47
f i g  3 .1 1a-o . The c u r re n t  r a t i o s  r]j ( f i g  3 .1 1 d -f)  in c re a s e  w ith
Cathode f a l l  a ltnough  a sh arp  r i s e  in  Hj &t 1.4kV, observed p re v io u s ly  
fo r  p re s s u re s  between 1mb-3mb, i s  n o t seen . P ro d u c tio n  of an e-beam 
from th e  cathode shown in  f i g  3 .5k i s  found to  be p a r t i c u la r ly
u n s ta b le , and th e  d isc h a rg e  sw itch es  to  an HCD mode a t  very  low v a lu e s
o f d isc h a rg e  c u r re n t o r Cathode f a l l .  T his i s  i s  c o n t ra s t  to  th e
behav iour o f th e  e-gun cathode shown in  r i g  3 -5 i  which does o p e ra te  
s ta b ly  in  th e  e-beam mode over a  w ider range of d isch a rg e  c o n d itio n s  
( f i g  3 . I l f ) .
3 .3 .3  T ra n s it io n  P o in ts
The o p e ra tio n  o f an e-gun cathode i n  one o f two s ta b le  modes i s  
c lo se ly  r e l a t e d  to  th e  p r o p e r t ie s  of a  d isch a rg e  g en e ra ted  by a dual 
cathode c o n s is t in g  o f two opposing e le c t ro d e s  ( f i g  3 .1 2 ) .  When th e  
am bient p re s su re  i s  low , o r i f  th e  cathode s e p a ra t io n  D i s  sm a ll, 
e le c t ro n s  from th e  cathode r a c e s  a re  unable to  i n i t i a t e  breakdown of 
th e  gas i n  th e  gap. T h is i s  s im i la r  to  an O b stru c ted  glow d isch a rg e  
[2] and th e  d isch a rg e  form s on ly  a t  th e  cathode edges, w ith  th e  CDS 
f i l l i n g  th e  in t e r e le c t r o d e  gap ( f ig  3*1 2 a). As th e  w id th  o f th e  CDS 
i s  reduced  (by r a is in g  th e  p re s s u re , o r  by in c re a s in g  th e  Cathode 
f a l l ) . a  p o in t i s  reach ed  when th e  glow suddenly t r a n s f e r s  to  th e  
re g io n  between th e  e le c t ro d e s  ( f ig  3 .1 2 b ). The d isch a rg e  impedance 
d rops m arkedly , and th e  s u p e rp o s itio n  of e le c t r o n  av a lan ch es  from each 
cathode fa c e  c o n t r ib u te s  to  th e  Hollow cathode e f f e c t  [ 9 ] .  In  t h i s  
HCD mode, c le a r ly  th e  w id th  of th e  CDS (d^) must be l e s s  th a n  h a l f  th e  
p la te  s e p a ra t io n  D f o r  NG to  form in  th e  c e n t r a l  re g io n . U ndoubtedly, 
e-gun ca thodes o p e ra tin g  i n  th e  e-beam regim e a re  a  type of O b stru c ted
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glow d isc h a rg e . Indeed , d i s t i n c t  e-beam f ila m e n ts  have been g en e ra ted  
u s in g  dual ca th o d es  o p e ra te d  i n  an O bstru c ted  mode a s  re p o r te d  by Kunz 
[10] ( f i g  3 .1 2 c ) .  Using a  dual cathode geom etry, Badareu e t - a l  have 
in v e s t ig a te d  th e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f th e  d isch a rg e  o p e ra tin g  
i n  th e  O b stru c ted  and HCD modes, and i n  th e  t r a n s i t i o n  phase [1 1 ] . 
Dual cathode d is c h a rg e s  e x h ib i t  a  n e g a tiv e  r e s is ta n c e  c h a r a c t e r i s t i c  
d u rin g  th e  t r a n s i t i o n  phase bu t by re g u la t in g  th e  d isch a rg e  c u r re n t ,  
Badareu e t - a l  have determ ined  th e  V -I c h a r a c t e r i s t i c s  d u rin g  th e  
t r a n s i t i o n  phase. They concluded  th a t  th e re  i s  a  sim ple c r i t e r i o n  fo r  
th e  t r a n s f e r  from th e  O b stru c ted  mode to  th e  HCD mode r e l a t i n g  to  th e  
r e l a t i v e  s iz e s  o f d^ and D, namely,
D = K x d ^  (3 .1 )
where K i s  a  c o n s ta n t of th e  gas  used.
For a p lane cathode , th e  w id th  of th e  CDS (d^) i s  known to  obey th e
s im i la r i ty  r e la t io n s h ip  (p .d^=f(V ^) a s  shown in  f i g  3 .13  [ 2 ] .  The
p ro d u c t p .d g  d e c re a se s  w ith  in c re a s in g  and l e v e l s  o f f  a t  about
0 .7  mb.cm f o r  V^>1.5kV. T his s im i la r i ty  c r i t e r i o n  may n o t app ly  in  
th e  HCD d is c h a rg e , however, s in c e  d^ and d^ a re  n o t n e c e s s a r i lv  
e q u a l. The io n i s a t io n  b a lan ce  in  th e  HCD i s  l i k e l y  to  be m arkedly 
d i f f e r e n t  to  t h a t  f o r  a  p lane  cathode. However, i t  i s  expec ted  th a t  
th e re  i s  an e q u iv a le n t r e la t io n s h ip  l in k in g  p,D and a t  th e
t r a n s i t i o n  p o in ts  from th e  e-beam mode to  th e  HCD mode. The 
t r a n s i t i o n  p o in ts  on th e  V -I cu rves from a l l  e-gun ca th o d es 
in v e s t ig a te d  h e re , in c lu d in g  th o s e  w ith  m u l t ip le  a p e r tu re s ,  a re  
p lo t te d  i n  f i g  3 .14  w ith  p^.D a s  a param eter a g a in s t  V^. The optimum 
f i t  f o r  th e  d a ta  p o in ts  i s  found f o r  a index  v a lu e  m=1/2. For l a r g e r  
s e t t in g s  o f V^, which a re  needed to  produce more e n e rg e tic  e le c t r o n s ,
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1/2i t  i s  th e r e f o r e  n ecessa ry  to  o p e ra te  a t  low er s e t t in g s  o f p .D to
rem ain w ith in  th e  e-beam mode. To produce e-beams w ith  e n e rg ie s  in
1 /2th e  keV ran g e , i t  i s  n ecessa ry  to  o p e ra te  w ith  p ,D <0.5. The 
d isch a rg e  c u r re n t  a t  each of th e  t r a n s i t i o n  p o in ts  f o r  th e  s in g le  
a p e r tu re  ca th o d es  i s  shown i n  f i g  3 .1 5 . I t  i s  c l e a r  th a t  th e re  i s  a 
f u r th e r  d isad v an tag e  in  o p e ra t in g  w ith  a low Cathode r a i l .  For th e  
e-guns to  rem ain in  th e  e-beam mode, th e  d isch a rg e  c u r re n t i s  l im i te d  
to  a  few mA. From th e  e l e c t r i c a l  c h a r a c t e r i s t i c s  observed  h e re , th e  
fo llo w in g  mechanisms a r e  proposed a s  being  re s p o n s ib le  f o r  th e
p ro d u c tio n  o f e-beams from p e r fo ra te d  ca th o d es.
I f  th e  CDS w id th  a t  th e  cathode race  i s  much la r g e r  th an  th e  h o le  
d iam ete r D, few e q u ip o te n t ia ls  from th e  CDS p e n e tra te  th e  h o le  re g io n , 
a s  shown in  f i g  3 .1 6 a . T h is  i s  i l l u s t r a t e d  by th e  r e s u l t s  shown in  
f i g  3 .1 0 c . The c u r re n t  r a t i o  rjj th e  same f o r  a l l  h o le  d ep th s  a t
low v a lu e s  o f V^. As th e  Cathode f a l l  i s  in c re a s e d , more 
e q u ip o te n t ia l s  a r e  fo rc e d  in t o  th e  h o le  s in c e  th e  CDS w id th  i s  th e n  
reduced , and because th e re  a re  more e q u ip o te n t ia ls  f o r  h ig h e r  v a lu e s  
o f  ( f i g  3 .1 6 b ). E le c tro n s  a re  re le a s e d  from  th e  c a v ity  w a lls  by
secondary em issio n  a s  io n s  and m e ta s ta b le s  from th e  NG p ass  througjh 
th e  CDS and in t o  h o le  c a v i ty .  These e le c t ro n s  a re  a c c e le ra te d  by th e  
p e rtu rb e d  e q u ip o te n t ia l s ,  and may g e n e ra te  f u r th e r  io n s  and
m e ta s ta b le s  in s id e  th e  h o le  c a v i ty ,  th rough c o l l i s io n s  w ith  helium
atoms. I f  th e  p ro d u c tio n  r a t e s  o f th e se  s p e c ie s  i n  th e  c a v ity  a re
s ig n i f i c a n t  compared w ith  th e  r a t e s  in  th e  main NG re g io n , th e  c a v ity
b eg in s  to  assume th e  c h a r a c t e r i s t i c s  o f an HCD d isc h a rg e , s in c e  th e
newly c re a te d  s p e c ie s  a re  tra p p e d  w ith in  th e  c a v i ty .  T his i s
i l l u s t r a t e d  by th e  g e n e ra l r i s e  of rj. w ith  in c re a s in g  Cathode f a l l  a s
shown in  f i g  3 .9 . As th e  CDS w id th  i s  reduced  f u r th e r ,  th e  degree  of
p e r tu rb a t io n  o f th e  e q u ip o te n t ia ls  around th e  h o le  en tra n c e  i s  such
50
th a t  e le c t r o n s  w ith in  th e  c a v ity  a re  a c c e le ra te d  w ith  la r g e r  r a d ia l  
components o f v e lo c i ty .  I o n is a t io n  produced by such e le c tro n s  le a d s  
to  a  b u ild  up o f th e  io n  d e n s ity  in  th e  c e n t r a l  re g io n  o f th e  h o le , 
and th e  r e s u l t in g  p o s i t iv e  space charge p e r tu rb s  th e  e q u ip o te n t ia l  
d i s t r i b u t io n  f u r th e r .  E v e n tu a lly , th e  b u ild  up o f  p o s i t iv e  space 
charge i n  th e  c e n t r a l  re g io n  i s  s u f f i c i e n t  to  allow  th e  d isc h a rg e  to  
be su s ta in e d  oy io n i s a t io n  w ith in  th e  c a v i ty ,  and th e  d isc h a rg e  
sw itch es  to  an HCD moae ( f i g  3 .1 6 c ) .  The in c re a s e  o f th e  g ra d ie n t  of
th e  V -I c h a r a c t e r i s t i c s  j u s t  b e fo re  th e  t r a n s i t i o n  p o in t i s  reached
may r e f l e c t  th e  o n se t of th e  Hollow Cathode e f f e c t  i n  th e  h o le  c a v ity
( f ig  3 . 8 ) .  The r a t i o  a ls o  in c re a s e s  f o r  h ig h e r  v a lu e s  o f p o r D,
fo r  a  g iv en  Cathode f a l l .  By in c re a s in g  th e se  p a ram ete rs , g r e a te r  
p e n e tr a t io n  of th e  e q u ip o te n t ia ls  in to  th e  c a v ity  i s  expec ted , g iv in g  
r i s e  to  more in t e r n a l  io n is a t io n .
O perating  th e  th e  d isc h a rg e  in  th e  e-beam mode near a  t r a n s i t i o n  
p o in t on a V -I curve may n o t r e s u l t  i n  th e  p ro d u c tio n  o f a  c o llim a te d  
e-beam, however, a s id e  from th e  i n s t a b i l i t y  expected  i n  t h i s  re g io n . 
A la rg e  number of e q u ip o te n t ia ls  a re  expected  to  p e n e tra te  th e  h o le  
c a v ity  in  t h i s  ca se , and th e  e x t e r io r  CDS i s  l e f t  w ith  few u n p ertu rb ed  
e q u ip o te n t ia ls  a t  th e  h o le  e n tra n c e . These must be p re s e n t to  
a c c e le r a te  th e  c a v ity  e le c t ro n s  to  form th e  c o llim a te d  e-beam 
f i la m e n t .  For optimum e-beam p ro d u c tio n , only  a  s l i g h t  p e r tu rb a t io n  
o f th e  e q u ip o te n t ia l  d i s t r i b u t io n  i s  n e c e ssa ry . In  t h i s  ca se , th e  
r e s u l t in g  e l e c t r i c  f i e l d s  a c t  a s  an e le c t ro n  le n s  to  fo cu s  e le c t r o n s  
g e n e ra te d  w ith in  th e  c a v ity  in to  a narrow beam ( f i g  3 .1 6 b ).
Those e-gun ca th o d es o p e ra t in g  a t  V^>1.5kV and w ith  low v a lu e s  o f
1 /2p .D (eg , 3mm cathode a t  1rab-3mb, and 2mm cathode a t  1mb-4mb), do 
n o t t r a n s f e r  to  th e  HCD mode w ith in  th e  v o lta g e  range in v e s t ig a te d .  
Indeed , an u p tu rn  i n  th e  c u r re n t  r a t i o s  f o r  la rg e  V^ s e t t in g s .
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s ig n ify in g  th e  o n se t of th e  HCE, i s  no t observed  ( f i g  3 .9 a ,b ) ,  For a
p lane  ca th o d e , th e  param eter p .d ^  does n o t vary  ap p re c ia b ly  w ith
in c re a s in g  Cathode f a l l  (V^) fo r  v o lta g e s  o f a  few kV, a s  shown in
f i g  3 . 13. For a  f ix e d  p re s s u re ,  th e  CDS w id th  th e re fo re  rem ains
r e l a t i v e ly  c o n s ta n t , and t h i s  behav iour i s  a ls o  expec ted  f o r  th e
e x te rn a l  CDS o f th e  e-beam d isc h a rg e  when V^>1-2kV. I f  an e-gun
1/2cathode i s  o p e ra te d  i n  t h i s  reg im e, w ith  th e  param eter p .D s e le c te d  
so t h a t  th e  d isch a rg e  i s  o p e ra t in g  w e ll away rrom a  t r a n s i t i o n  p o in t ,  
th e  bu lk  o f th e  Cathode f a l l  i s  lo c a te d  a c ro s s  th e  e x te r io r  CDS, a s  i s  
necessa ry  fo r  good beam c o l l im a tio n . As i s  in c re a s e d  f u r th e r ,  th e  
CDS w id th  does n o t v ary  a p p re c ia b ly , and th e  most o f th e  
e q u ip o te n t ia ls  i n  th e  e x t e r io r  CDS rem ain u n p ertu rb ed . Most o f th e  
Cathode f a i l  i s  th e n  s t i l l  dropped a c ro s s  th e  e x te r io r  CDS, th u s  
m a in ta in in g  oeam good c o l l im a tio n . In  t h i s  ca se , a  t r a n s i t i o n  to  th e  
HCD mode i s  l i k e ly  to  be in n ib i te d  s in c e  th e  e le c t ro n s  g en e ra ted  
w ith in  th e  c a v ity  a re  e x tra c te d  by th e  l a r g e r  f i e l d  i n  th e  e x t e r io r  
CDS.
F in a l ly ,  f o r  co n tinuous o p e ra tio n  o f th e  e-gun ca th o d es , a  degree
of gas h e a tin g  i s  ex p ec ted , red u c in g  th e  e f f e c t iv e  gas p re s s u re  i n  th e
d isc h a rg e . T h ere fo re , i t  i s  n ecessary  to  s e le c t  s l i g h t ly  h ig h e r  
1 /2v a lu e s  o f p .D th a n  su g g ested  by th e  r e s u l t s  i n  f i g  3 .1 4 .
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3 .4  S peb tro sco p io  O b se rv a tio n s  o f D ischarges in  Helium
O b se rv a tio n s  o f th e  cathode re g io n s  in  a  glow d isch a rg e  u sin g  a 
p lane  cathode re v e a l t h a t  th e  i n t e n s i t i e s  o f th e  Cathode glow and NG 
a re  com parable, when th e  d isc h a rg e  o p e ra te s  w e ll  in to  th e  abnormal 
regim e. For an e-gun cathode o p e ra tin g  i n  th e  abnormal regim e, an 
in te n s e  Cathode glow i s  seen  a ls o .  In  a d d i t io n ,  an e-beam f ila m e n t i s  
observed  i n  th e  CDS w nich o r ig in a te s  a t  th e  a p e r tu re  e n tra n c e , and can 
be fo llow ed  some way in to  th e  NG. The f ila m e n t h as  a d iam ete r between 
1ram-2mra fo r  th e  range of n o le  s iz e s  in v e s t ig a te d  (2mm-5mm), and h a s  a 
co lo u r s im i la r  to  th a t  o f Phe NG, bu t d i f f e r e n t  from th a t  o f th e  
Cathode glow. A lthough i t  ap p ea rs  i n  th e  CDS, th e  f i la m e n t may 
th e re fo re  p o sse ss  p r o p e r t ie s  s im i la r  to  t h a t  o f th e  NG plasm a.
S p ec tro sco p ic  a n a ly s i s  o f th e  Cathode glow re g io n s  u sin g  a  p lane 
cathode w ith  f i n i t e  d im ensions p re s e n ts  d i f f i c u l t i e s  because th e  
em ission  p r o f i l e s  a re  two d im ensional ( f i g  2 .3 ) .  M easurements in  th e  
PC glow a re  e a s ie r  s in c e  th e  em ission  p r o f i l e s  a re  r a d ia l ly  dependent 
o n ly . However, i f  th e  d iam ete r of th e  cathode i s  la rg e  compared w ith  
th e  dim ensions o f th e  Cathode glow re g io n s , th e  em ission  p r o f i l e s  a re  
approx im ate ly  one d im en sio n a l. When runn ing  a d isch a rg e  co n tin u o u sly  
up to  0.5mA-1.0mA u sin g  a  p lane  cathode of d iam ete r 14mm, however, i t  
i s  found th a t  th e  d isch a rg e  impedance slow ly r i s e s  over a p e r io d  o f 
about tw enty m in u tes . T h is e f f e c t  i s  p robab ly  due to  gas h e a t in g , or 
s p u t te r in g  o f  m a te r ia l  from th e  cathode fa c e . I t  i s  n o t p o s s ib le  to  
make re p ro d u c ib le  m easurm ients o f glow i n t e n s i t i e s  under th e se  
c o n d itio n s . A ll s p e c tro s c o p ic  m easurem ents have th e re fo r e  been 
reco rd ed  u s in g  6mm d iam ete r ca thodes which a re  found to  o p e ra te  u d  to  
IkV and 1mA b e fo re  s im i la r  e f f e c t s  a re  en coun tered . M easurements o f 
th e  glow in te n s i ty  have been ta k en  in  th e  CDS and i n  th e  f i r s t  s ta g e s
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of th e  NG u sin g  a p lane ca thode , and u s in g  an e-gun cathode o f 
d im ensions 3mmx21mm.
3 .4 .1  E xperim ental Arrangement
The ex perim en ta l arrangem ent i s  shown i n  f i g  3.17 and th e  
a p p a ra tu s  i s  p laced  on a  r i g i d  s t e e l  ta b le  to  m a in ta in  th e  alignm en t 
o f th e  o p t ic s .  The d isch a rg e  c e l l  i s  mounted on a  movable ta b le  to  
en ab le  th e  e n t i r e  d isch a rg e  tube to  be scanned a c ro s s  th e  f i e l d  o f 
view of th e  o p t ic a l  arrangem ent, which rem ains s ta t io n a r y .  The 
d isch a rg e  c e i l  i s  decoupled from  th e  vacuum system  by two f l e x i b l e  
bellow s co n n ec to rs . O p tic a l la y o u ts  f o r  c a rry in g  o u t s p a t i a l  sam pling 
o f glow d is c h a rg e s  have been d isc u sse d  e x te n s iv e ly  by Webb [1 2 ] . 
Here, th e  problem i s  r e l a t i v e ly  sim ple because th e  plasm a th ic k n e s s  
fo r  sam pling o f th e  s id e l ig h t  em ission  i s  r e l a t i v e l y  t h in  (<1cm). A 
s in g le  s l i t  o f w id tn  0.02om and h e ig h t 0.3cm i s  p laced  c lo s e  to  th e  
d isch a rg e  c e l l  to  form an a p e r tu re ,  w ith  th e  s l i t  s e t  p a r a l l e l  w ith  
th e  cathode fa c e .  A le n s  p laced  c lo se  to  th e  monochromator (C arl 
Z e is s  S P II) c o l l e c t s  a narrow cone of l i g h t  p a ss in g  th rough  th e  
a p e r tu re  and chopper, and b r in g s  i t  to  a  fo cu s  a t  th e  monochromator 
en tra n ce  s l i t s  ( f i g  3 .1 8 ) .  Ray tr a c in g  r e v e a ls  t h a t  l i g h t  ra y s  
em erging from th e  f r o n t  s l i t  a r e  tr a n s m itte d  th rough th e  monochromator 
s l i t s  on ly  i f  they  p ass  th rough  a  v i r t u a l  s l i t  o f w id th  b ' lo c a te d  a t  
th e  le n s  e lem en t. The th in  s l i c e  of plasm a glow sampled oy th e  
monochromator i s  c a lc u la te d  to  have a  w id th  o f 0 . 026cm f o r  th e  
d im ensions and s l i t  w id th s  used . There i s  n e g l ig ib le  d ive rg en ce  of 
th e  f i e l d  of view over th e  w id th  of th e  plasm a (< lcm ). A He-Ne l a s e r  
i s  used to  a l ig n  th e  o p t ic a l  system  i n i t i a l l y .  The p o s i t io n  o f th e
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cathode w ith  re s p e c t  to  th e  sam pling a p e r tu re  i s  deduced from th e
r e s is ta n c e  o f a Ik# , te n - tu r n  p re c is io n  p o te n tio m e te r  which a llo w s a
t r a n s l a t io n a l  movement o f 0-2cm. T his i s  connected to  a  s t a b i l i s e d  DC
power supply  g iv in g  +2V o u tp u t, and th e  ramp o u tp u t from th e
p o te n tio m e te r  (0-2V) i s  fe d  to  th e  X -ax is  o f  an X-Y re c o rd e r .  The
— 1monochromator i s  f i t t e d  w ith  a d i f f r a c t i o n  g ra t in g  (6000 l i n e s  cm” ) 
and a p h o to m u ltip lie r  tube (ty p e  EMI 9558B). The o u tp u t from th e  PM 
tube i s  fe d  to  a  low n o ise  p re -a m p lif ie r  to  allow  d i f f e r e n t  
s e n s i t i v i t y  s e t t i n g s ,  and th e n  to  a  lo c k - in  a m p lif ie r  which a m p lif ie s  
th e  chopped s ig n a l .  An optimum chopping frequenqy o f 1500Hz i s  found 
to  g iv e  th e  maximum s ig n a l  l e v e l .  F in a l ly ,  th e  s ig n a l  from th e  
lo c k - in  a m p lif ie r  i s  fe d  to  th e  Y -ax is o f  th e  X-Y re c o rd e r .  
C a l ib ra tio n  o f th e  system  to  determ ine th e  in s tru m e n ta l resp o n se  has  
n o t been c a r r ie d  o u t. The s p e c tr a  reco rd ed  have been c o r re c te d  f o r  
th e  resp o n se  of th e  PM tu b e  only  [1 3 ] ,  wnich i s  th e  p r in c ip a l  source 
o f e r r o r .  The tra n sm is s io n  o f th e  q u a r tz  le n s  [14] and th e  resp o n se  
o f th e  d i f f r a c t i o n  g r a t in g  [15] o v er th e  v i s i b l e  range 4000Â-T000Â a r e  
both  alm ost c o n s ta n t . A ru n n in g - in  p rocedure  f o r  th e  ca th o d es , a s  
d e sc rib e d  in  s e c t io n  3 .3 .1 ,  h as  been fo llow ed  p e ro re  re c o rd in g  th e  
em ission  p r o f i l e s .
3 .4 .2  R e su lts
Em ission p r o f i l e s  i n  th e  cathode re g io n , f o r  a  number o f Hel 
t r a n s i t i o n s ,  a re  d e p ic te d  i n  f i g s  3 .1 9 -3 .2 2 . P r o f i l e s  f o r  gas 
p re s s u re s  between 1mb-4mb have been reco rd ed  u s in g  th e  p lane cathode, 
and a t  Imb f o r  th e  e-beam cathode ( f ig  3 .2 2 ) .  The cathode fa c e  i s  
lo c a te d  a t  a  p o s i t io n  + 0 .1 5cm on th e  h o r iz o n ta l  s c a le  f o r  a l l
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m easurem ents ta k en  w ith  th e  p lane cathode, and a t  + 0 .1 8cm f o r  th o se  
w ith  th e  e-gun ca thode . The d isch a rg e  c u r re n t  can be r a is e d  to  abou t
1.0mA b e fo re  gas  h e a t in g  e f f e c t s  a re  observed , a s  shown in  f i g  3 .2 3 .
Em ission p r o f i l e s  a t  Imb a r e  ^ow n in  f i g  3 .19 f o r  th e  fo u r most
prom inent l i n e s  i n  th e  observed  spectrum . The p r o f i l e s  f o r  5016Â 
1 1(3p P -2s S) have a  peak c lo se  to  th e  cathode which becomes more 
prom inent a s  th e  Cathode f a l l  i s  in c re a s e d . I t  co rresponds to  th e  
Cathode glow re g io n . A second peak i s  observed  a t  th e  CDS/NG 
boundary. Two peaks a re  observed  f o r  5876Â (3d^D-2p^P) a l s o ,  and th e  
f i r s t  peak i s  more pronounced th a n  a t  5016Â, and in c re a s e s  r a p id ly  as  
i s  r a i s e d .  The em ission  p r o f i l e s  f o r  th e  rem ain ing  two l i n e s  a t  
6678A (3d^D-2p^P) and 4922Â (4d^D-2p^P) a re  somewhat s im i la r  to  th e
f i r s t  "two s e t s .  I t  h a s  been re p o r te d  t h a t  th e  Cathode glow i s  th e  
most in te n s e  re g io n  o f th e  d isch a rg e  in  o th e r  g ases  f o r  s tro n g ly  
abnormal d is c h a rg e s  [1 6 ] , At a  p re s s u re  of 2mb, th e  in t e n s i ty  o f th e  
f i r s t  peak, which i s  th e  Cathode glow, a s  a  r a t i o  o f th e  h e ig h t o f th e  
second peak, g e n e ra lly  d e c re a se s  s l i g h t ly  ( f i g  3 .2 0 ) .  However, a  
th i r d  broad peak b eg in s  to  app ea r in  th e  NG f o r  th e  p r o f i l e s  a t  5876Â, 
a s  th e  d isch a rg e  c u r re n t  re a c h e s  0.5mA. T his peak i n  th e  NG i s  
observed a ls o  f o r  th e  o th e r  t r i p l e t  t r a n s i t i o n  a t  4471A (4d^D-2p^P), 
b u t i s  a b se n t frcM th e  p r o f i l e s  o f th e  s in g le t  t r a n s i t i o n s .  At 4mb, 
th e  Cathode glow i s  g e n e ra lly  n o t observed bu t in  t h i s  c a se , th e  
Cathode f a l l  i s  n o t in c re a s e d  beyond ~0.5kV ( f i g  3 .2 1 ) .  At 5876A, th e  
t h i r d  peak i n  th e  NG i s  more pronounced th a n  a t  2mb, and b eg in s  to  
form a t  0 .3 idA. S im ila r  broad peaks in  th e  s p a t i a l  em ission  p r o f i l e s  
o f t r i p l e t  t r a n s i t i o n s ,  bu t n o t s in g le t  t r a n s i t i o n s ,  have been 
observed  by S o ldatov  [1 7 ] .
The in t e n s i ty  o f th e  t h i r d  peak in  th e  NG a t  5876Â in c re a s e s  w ith  
both  p re s s u re  and a isc h a rg e  c u r re n t .  I t  i s  known th a t  i t s  p resen ce  i s
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due to  cascade pumping o f th e  upper t r i p l e t  s t a t e s  fo llo w in g  volume 
recom bination  in  th e  NU between He**" io n s  and slow e le c tro n s  Cl8 ] . The 
r a t e  of recom bination  in  th e  NG o f an HCD d isc h a rg e  i s  p ro p o r tio n a l to  
th e  gas p re s s u re  and th e  d isch a rg e  c u r re n t  a ls o ,  a s  re p o r te d  by Kuen 
e t - a l  [193. They su g g es t t h a t  th e  l i k e ly  mechanism in  th e  NO i s  
d ie le c t r o n ic  reco m b in a tio n ;
He^ + e(slow ) >  He
fo llow ed  by
nHe + He > He + He (+K .E.) (3 .2 )
** *  ^ ,o r  He > He + hi) (photon)
I t  i s  found to  be im p o rtan t f o r  p>5.0mb a t  a  c u r re n t d e n s ity  of 
j=0.8raA,cm , w ith  t r i p l e t  l e v e l s  pumped by recom bination  more th an  
s in g le t s .  Here, th e  th i r d  peak ap p ea rs  i n  th e  p r o f i l e s  o f 5876Â l i n e  
a t  4mb when j=1.06mA,cm”^ and a t  2mb when j  = 1.8mA.cm“^ ( f i g  3 .2 0 a  and 
f i g  3 .2 1 ) .  U ltim a te ly , th e  m a jo rity  o f th e  atoms in  e x c i te d  t r i p l e t  
s t a t e s  w i l l  decay to  th e  2s^S m e ta s ta b le  s t a t e ,  a s  su g g ested  by 
Kuen e t - a l ,  and th e  d e n s ity  o f th e se  m e ta s ta b le s  may be r e l a t i v e l y  
h igh in  th e  reco m b in a tio n  zone. T here fo re , i t  may be a  s u i ta b le  
plasm a re g io n  fo r  m etal vapour l a s e r s  r e ly in g  on Penning c o l l i s i o n s  
between m etal atoms and He (2 s  S) s t a t e s  (eq 1 .3 ) .
I t  i s  p o s s ib le  t h a t  th e  in te n s e  Cathode glow re g io n  seen  a t  Imb
f o r  th e  em ission  l i n e  a t  5876Â i s  a ls o  due to  recom bination . However,
t h i s  seems u n lik e ly  s in c e  th e  in t e n s i ty  of t h i s  peak, compared w ith
th e  second a t  th e  CDS/NG boundary, d e c re a se s  w ith  in c re a s in g  gas
p re s s u re .  In  a d d i t io n ,  th e  re g io n  i n  th e  CDS n e a r  th e  cathode i s  no t
l i k e ly  to  have a  h igh  c o n c e n tra tio n  o f very  slow e le c tro n s ,  u n lik e  th e
— 1NG, s in c e  th e  e l e c t r i c  f i e l d  h e re  i s  ~2.0kV.cm” . The Cathode glow i s
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probab ly  g en e ra ted  oy c o l l i s i o n s  between f a s t  moving e le c t r o n s  frcm  
th e  cathode and He atom s, o r by th e  f lu x  o f io n s , m e ta s ta b le s  and 
n e u t r a ls  from th e  NG moving tow ards th e  ca thode . The im pact 
c ro s s - s e c t io n s  f o r  th e  e x c i ta t io n  o f helium  atoms by helium  io n s  and 
e x c ite d  s p e c ie s  (He'*’, He**, He , He*) a r e  no t w e ll known.
C ro s s -s e c tio n s  o f  between cm^ have been re p o r te d  f o r
e x c i ta t io n  by f a s t  moving n e u t r a ls  w ith  e n e rg ie s  o f around IkeV [2 0 ] . 
These c ro s s - s e c t io n s  a re  two o r th r e e  o rd e rs  o f m agnitude sm a lle r  th an  
th o se  fo r  e le c t r o n  im pact e x c i ta t io n .  I t  seems l i k e l y ,  th e re fo r e ,  
th a t  th e  th e  Cathode glow i s  g en e ra ted  by th e  passage of f a s t  
e le c t ro n s  from th e  cathode through th e  CDS. The p ro p e r t ie s  o f th e  
Cathode glow a re  o f i n t e r e s t  h e re  s in c e  th e  in t e r n a l  glow in  th e  
c a v i ty ,  o f an e-gun cathode h as  a s im i la r  p h y s ic a l appearance. 
Furtherm ore, i t  i s  in  t h i s  re g io n  c lo se  to  th e  cathode where 
p e r tu rb a t io n  o f th e  e q u ip o te n t ia ls  i s  expec ted  f o r  th e  e-gun cathode 
( f i g  3 . 16b ) .  The p ro d u c tio n  o f  e x c ite d  s p e c ie s  in  th e  CDS by th e  
e le c tro n  swarm from th e  cathode i s  c a lc u la te d  i n  C hapter 4 , where th e  
p ro p e r t ie s  o f th e  Cathode glow a re  f u r th e r  d isc u sse d .
The em ission  p r o f i l e s  o f th e  e-gun cathode a re  shown in  f i g  3 .2 2 . 
They appear to  be very  s im i la r  to  th e  p r o f i l e s  reco rd ed  f o r  th e  p lane 
cathode o p e ra tin g  a t  th e  same p re s su re . The Cathode glow peak f o r  
5876Â i s  found to  be s l i g h t ly  l e s s  pronounced th a n  f o r  th e  p lane 
ca thode . In  r e t r o s p e c t ,  i t  i s  p robab le  t h a t  th e  e-gun i s  n o t 
o p e ra tin g  f a r  enough in to  th e  e-beam regim e f o r  d if f e r e n c e s  i n  th e  
em ission  p r o f i l e s  to  show up c le a r ly .  The c u r re n t  r a t i o s  Hj ^ t  Imb 
in c re a s e  sh a rp ly  on ly  when V^>1.4kV as  shown in  r i g  3 .1 0 c . O perating  
th e  e-gun cathode a t  t h i s  v o lta g e  co n tin u o u sly  le a d s  to  s e r io u s  gas 
h e a tin g  e f f e c t s .
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3 .5  O bservations, o f an_e-beam D ischarge in J lm o n
3 .5 .1  Æ xnerim ental Arrangement
An e-beam plasm a g e n e ra te d  i n  pure argon  has been in v e s t ig a te d  
u s in g  th e  d isch a rg e  tube shown i n  f i g  3 .2 4 . The s t a i n l e s s  s t e e l  
cathode i s  d r i l l e d  w ith  a  1.5mm h o le  from which th e  e-beam i s  
g en e ra ted ; and th e  beam p asse s  in to  a hollow  anode tube which h as  a 
number  ^ o f o b se rv a tio n  p o r ts  d r i l l e d  along  th e  s id e .  The d isc h a rg e  
tube i s  mounted on th e  scann ing  ta b le  d e sc r ib e d  i n  s e c t io n  3 .4 .1  to  
en ab le  th e  NG s id e l ig h t  s p e c t r a l  em ission  to  be d e te c te d  by th e  
monochromator and p h o to m u ltip lie r .  S p e c tra  have been reco rd ed  u s in g  
th e  same exp erim en ta l p rocedu re  a s  o u tl in e d  p re v io u s ly  in  s e c t io n  
3 .4 .1 .  The glow in t e n s i ty  has been sampled from  th e  re g io n  between 
th e  e le c tro d e s ,  and from  th e  anode p o r ts .  The tube i s  evacuated  by a 
ro ta ry  pump to  around 0.03mb and U.H.P grade argon i s  flow ed
co n tin u o u sly  through th e  tu b e , v ia  a  need le  v a lv e , in  o rd e r  to  purge
im p u r i t ie s .  The tube nas been a ls o  su b je c te d  to  a b r i e f  ' runn ing  i n '
p e rio d  o f s e v e ra l hours c u r in g  which th e  d isc h a rg e  c u r re n t i s  h e ld  a t
-0 .0 5 -0 .1  mA.
In  term s o f  th e  tube techno logy , a tte m p tin g  to  g e n e ra te  l a s e r  
a c t io n  in  argon i s  perhaps e a s ie r  in  some r e s p e c ts  th a n  i n  an  
he lium /m eta l vapour m ix tu re . In  th e  l a t t e r  case , th e  r e q u i s i t e  
p a r t i a l  p re s s u re  of m eta l vapour must be m a in ta in ed  in  th e  la s in g  
volume, and th e  m etal vapour ten d s  to  d i f fu s e  ou t of th e  d isc h a rg e  
re g io n  over long  p e r io d s  o f o p e ra tio n . I t  i s  f o r tu n a te  th a t  argon  can 
s im u ltan eo u sly  a c t a s  a b u f fe r  g as  to  e s ta b l i s h  a d isc h a rg e , and a s  a
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la s in g  medium.
3 .5 .2  R e su lts
The V -I c h a r a c t e r i s t i c s  o f th e  argon d isch a rg e  shown in  f i g  3 .25 
dem onstra te  t h a t  e-beam p ro d u c tio n  o ccu rs  over a  low er range of gas 
p re s s u re s  th a n  in  helium . T his i s  to  be expec ted  s in c e  th e  gas  
s im i la r i ty  law s in d ic a te  t h a t  th e  d isch a rg e  param eter p .d ^  (mb. can) 
d e c re a se s  f o r  h e a v ie r  m o lecu les  o r atoms [ 2 ] ,  a s  shown in  f i g  3 .1 3 . 
A d d itio n a l t r a n s i t i o n  p o in ts  from s e v e ra l subsequen t ru n s  a re  a ls o  
p lo t te d .  S id e l ig h t  em issio n  from th e  glow re g io n  between th e
e le c tro d e s  h a s  been exam ined, and a spectrum  of th e  p r in c ip a l  em ission  
l i n e s  i s  d e p ic te d  i n  f i g  3 .2 6 . In  th e  re g io n  o f th e  spectrum  between 
5000Â-5500Â, only  a  few very  weak l i n e s  a re  observed . Beyond 5500A, 
th e  spectrum  c o n ta in s  a  sm all number of A rl l i n e s .  D esp ite  th e  very  
low c u r re n t le v e l  o f " 0 . 1mA (<5 10" A.cm ) .  i t  i s  i n t e r e s t i n g  to  
n o te  th a t  th e  spectrum  shown c o n ta in s  a la rg e  number of em ission  l i n e s  
co rrespond ing  to  t r a n s i t i o n s  w ith in  th e  io n  s t a t e  (Ar I I ) ,  in c lu d in g  
s e v e ra l known l a s e r  l i n e s .  T his i s  i n  marked c o n t r a s t  to  th e  spectrum  
o f l i n e s  observed  from an RF e x c i te d  argon  plasm a where A rl em issio n  
l i n e s  a re  observed m ainly  and few , i f  any, A r l i  l i n e s  a re  seen  [143. 
The te n  most prom inent l i n e s  i n  t h i s  p a r t  of th e  spectrum  a re  l i s t e d  
i n  t a b le  3 .1 .
Sim ultaneous io n i s a t io n  and e x c i ta t io n  o f argon n e u t r a l s  by 
e le c t ro n  im pact le a d in g  to  d i r e c t  e x c i ta t io n  o f th e  upper l a s e r  le v e l s  
i s  re p re se n te d  by;
e^ + Ar ^ Ar**(4p) + 2e (3 .3 )
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W avelength (A) T ra n s it io n  I n t e n s i ty ( a r b .u n i t s )
1. 4198.3 A rl. 13.91
2 . 4259.4 A rl 12.23
3. 4158.6 A rl 9 .70
4 . 4277.2 A r il ^3/2"**® % /2 9.16
5. 4764.9 A r il L 9.11
6 . 4b09.6 A r i l L *tP ^7/2"**° ®5/2 8.54
7 . 4545.1 A r i l L *’3/ 2" ’*® ^3 /2 7.S3
8. 4879.9 A r il L 4 p '» 5 /2 -4 s 'P 3 /2 7 .52
9. 4657.9 A r i l L 4 ffP l/2 -* ® 'P 3 /2 5 .37
10. 4726.9 A r i l L 4 lf» 3 /2 -* ® 'f3 /2 5 .25
Table 3 .1 .  The te n  most prom inent em ission  l i n e s  in  th e  NG. 
den o tes  a  d o u b le t l i n e ,  and 'L* i s  a  known l a s e r  t r a n s i t i o n .
This i s  known to  be a  predom inant pumping mechanism in  p u lsed  argon
d is c h a rg e s , where th e  e le c t r o n  tem p era tu re  i s  g e n e ra lly  h ig h e r  th an  in
a CW d isc h a rg e  [2 1 ]. Furtherm ore, in  ap p ly in g  th e  'sudden
p e r tu rb a t io n ' approx im ation  to  c o l l i s io n s  o f t h i s  ty p e , i t  i s
c a lc u la te d  t h a t  p r e f e r e n t i a l  pumping o f th e  upner l a s e r  l e v e ls  3p^4p
over th e  low er le v e ls  3p^4s o c c u rs  [2 2 ]. S u b - le v e ls  w ith in  th e  3p^4p
c o n f ig u ra tio n  have d i f f e r e n t  c ro s s - s e c t io n s  f o r  d i r e c t  e le c t r o n
im pact. The r e s u l t s  o f th e  'su d d en  p e r tu rb a t io n ' c a lc u la t io n s  on th e
2 2e x c i ta t io n  o f  th e se  s u b - le v e ls  suggest t h a t  th e  4p 4p P^yg
s t a t e s  i n  p a r t i c u l a r  a re  pumped p r e f e r e n t i a l ly  by s in g le  e le c t r o n  
im pacts [2 3 ] . The c r o s s - s e c t io n s  o f th e  3p^4p le v e ls  f o r  such 
c o l l i s io n s  have been in v e s t ig a te d  e x p e rim e n ta lly  by L atim er and
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2 2S t John [2 4 ] , The c r o s s - s e c t io n s  o f th e  4p 4p P^yg s t a t e s
a re  found to  be s im i la r  i n  p r o f i l e  to  th e  f i r s t  io n i s a t io n
c ro s s - s e c t io n  curve ( f i g  1 .7 ) ,  w hereas th e  q u a r te t  l e v e l s  have
c ro s s - s e c t io n s  which peak a t  around "50eV, and th e n  f a l l  away more
ra p id ly  w ith  in c re a s in g  e le c t r o n  energy . The o th e r  d o u b le t s t a t e s  
2 2(4p D and 4p S ) a r e  found to  have c r o s s - s e c t io n  curve p r o f i l e s  
betw een th e se  two ex trem es [2 5 ] , In d iv id u a l l e v e l s  w ith in  th e  3p^4p 
and 3p^4s c o n f ig u ra tio n s  a r e  shown in  f i g  3 .2 7 , to g e th e r  w ith  th e  
known l a s e r  t r a n s i t i o n s  [2 6 ] . The c ro s s - s e c t io n s  o f th e se  l e v e l s  n ea r
th re sh o ld  e le c t r o n  e n e rg ie s  have been in v e s t ig a te d  by B ennet e t - a l
2 2[2 7 ] . Thqy a ls o  conclude t h a t  th e  le v e l s  4p P _ , .  and 4p P , a r e3 /2  1/2
pumped by d i r e c t  e le c t r o n  im pact. The em ission  l i n e  i n t e n s i t i e s  from 
t r a n s i t i o n s  o r ig in a t in g  from  th e se  l e v e l s  show a l i n e a r  dependence 
w ith  in c re a s in g  e le c t r o n  c u r r e n t .  Line em issio n  frcMn th e  q u a r te t  
s t a t e s ,  however, i s  observed  to  have a q u a d ra t ic  o r cub ic  dependence 
on c u r re n t ,  su g g e s tin g  s tep w ise  e x c i ta t io n  o f th e se  s t a t e s .  S trong  
em ission  a t  4765Â from an argon  Ng plasm a in  a  s lo t t e d  HCD tu b e  has 
been re p o r te d  by Schuebel [2 8 ] . He a lso  r e p o r ts  m oderate spontaneous 
em ission  a t  4880A and weak em issio n  a t  5145A, and concludes t h a t  
d i r e c t  e l e c t r o n  im pact o f th e  3p^4p l e v e l s  i s  an im p o rtan t pumping 
mechanism in  th e  HCD.
In  th e  s p e c tr a  reco rd ed  o f th e  e-beam d isch a rg e  shown in  
f i g  3 . 2 4 .  th e  em issio n  l i n e  a t  5 1 4 5 A i s  weak, and ind eed  i s  n o t 
observed  a t  low c u r re n t  ( f i g  3 .2 6 ) ,  w hereas th e  l i n e  a t  4765Â i s  one 
o f th e  most p ra n in e n t. The i n t e n s i t i e s  o f fo u r  A ril  l i n e s  
( 4 7 6 5 A , 4 8 8 o A , 4 8 0 6 A  and 5 l 4 s A )  have been m onito red  a s  th e  d isch a rg e  
c u r re n t  and Cathode r a i l  a re  in c re a s e d . Sample p o in ts  n ea r th e  CDS/NG 
boundary and i n  th e  bocy o f th e  NG have been s e le c te d .  A r a t i o  o f th e  
l i n e  i n t e n s i t i e s  ( 4 7 6 5 A ) / ( 4 8 0 6 A )  i s  expec ted  to  d ec re ase  w ith  r i s i n g
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d isch a rg e  c u r re n t ,  s in c e  th e  d o u b le t s t a t e  p o p u la tio n  i s  p ro p o r tio n a l
2 3to  th e  c u r re n t ( I )  and th e  q u a r t e t  p o p u la tio n  to  I  o r I  . Cascading
4 4from h ig h e r  s t a t e s  3p 5d o r  3p 5 s  i s  assumed to  be n e g l ig ib le  s in c e
th e  r e s p e c t iv e  p o p u la tio n s  a re  expected  to  be sm a ll. Pumping o f Ar
n e u t r a ls  to  th e se  h ig h e r  s t a t e s  by d i r e c t  e l e c t r o n  im pact i s  l e s s
p ro b ab le  th a n  to  3p^4p s t a t e s ,  when th e  e le c t ro n s  have h igh  e n e rg ie s
(E>100eV). S ev e ra l in t e n s i ty  r a t i o s  a re  d e p ic te d  i n  f i g  3 .28  and a re
seen  to  be p r a c t ic a l ly  c o n s ta n t over th e  c u r re n t  range in v e s t ig a te d .
As th e  c u r re n t  i s  r a i s e d ,  th e  Cathode r a i l  r i s e s  in tro d u c in g  more
e n e rg e tic  'beam ' e le c t ro n s  in to  th e  NG from th e  CDS. The v a l id i t y  o f
th e  'sudden  p e r tu r b a t io n ' approx im ation  im proves fo r  h ig h e r energy
e le c tro n s ,  and t h i s  may r e s u l t  i n  a  h ig h e r  p r o b a b i l i ty  o f pumping th e  
24p P j s t a t e s .  T h ere fo re , le v e l  p o p u la tio n s  a re  l i k e ly  to  be dependent 
on both  th e  d isch a rg e  c u r re n t  and th e  Cathode f a l l .
In  c o n c lu s io n , i t  ap p ea rs  t h a t  th e  em ission  l i n e  a t  4765A rem ains 
prom inent th roughou t th e  c u r re n t  range in v e s t ig a te d ,  w ith  th e  em issio n  
l i n e  a t  5145A rem ain ing  weak. I t  i s  su g g es ted , th e re fo r e ,  t h a t  th o se  
l i n e s  co rresp o n d in g  to  A r i l  t r a n s i t i o n s  i n  t a b le  3 .1  a re  pumped m ain ly  
by d i r e c t  e le c t r o n  im pact i n  th e  e-beam d isc h a rg e . D ischarge c u r r e n ts  
l a r g e r  th a n  1-2mA cannot be used in  th e  p re s e n t tube because 
s p u t te r in g  o f th e  s t a i n l e s s  s t e e l  cathode fa c e  causes a  la y e r  of 
s p u tte re d  m a te r ia l  to  be a e p o s ite d  on th e  w a lls  o f th e  tu b e . When 
t h i s  o c c u rs , th e  i n t e n s i t i e s  of a l l  em ission  l i n e s  a re  observed  to  
d im in ish , p re v e n tin g  f u r th e r  s p e c tr a l  a n a ly s is .
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3 mb (c)
Fig 3 ,1 . A p re lim in a ry  in v e s t ig a t io n  of an e le c t r o n  beam 
d isch a rg e  in  helium .
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CATHODE FALL (kV)
Fig 3 .2 a . The V -I c h a r a c t e r i s t i c s  of an e le c t ro n  beam d isch a rg e  
in  helium , w ith  p re s s u re  a s  a p aram eter. The t r a n s i t i o n  fro n  
th e  e-beam mode to  th e  HCD mode i s  shown fo r  a p re s su re  of 7.5mb 
















0 .5 0  0 .7 5  1 .00 1 .25 1.50 1. 75 2 .00  2 .25  2 .50
C A T H O D E  F A L L  ( k V )
Fig 3 .2 b . T ra n s i t io n  p o in ts  f o r  th e  e le c tro n  beam d isch arg e ,
f ) } ) )  ) ) ) }} ) ) ) ) ) )  )rrrT
fluo rescen t
screenkovarcathode
V ^ 77T / 77777/ ) ) ) ) ) ) ) ) ) ) ) ) )  LÏJ
5cm
Fig 3 .3 .  E le c tro n  beam p ro d u c tio n  in  a sea le d  o f f  d isch a rg e  c e l l  




Fig 3 .4 . An e le c tro n  gun cathode used to  i l l u s t r a t e  th e  
im portance of th e  e x te rn a l Cathode dark  space in  th e  fo rm atio n  
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Fig 3 .5 . The v a r io u s  s iz e s  and ty p e s  of e le c t ro n  gun cathodes 








































































X t r a n s i t i o n  t o  low 
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C A T H O D E  FALL (kV)
Fig 3 .8 . The V -I c h a r a c t e r i s t i c s  of a p lane cathode, and f iv e
s iz e s  o f e le c tro n -g u n  ca thode , w ith  p re s su re  as a param eter. 
T ra n s it io n  p o in ts  a re  observed f o r  a p e r tu re  s iz e s  g r e a te r  than 
1mm.
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C A T H O D E  F A L L ( k V )
F ig 3 .9 . C u rren t r a t i o s  f o r  e le c tro n  gun cathodes w ith  hole 
d iam ete rs  of between 2mm~5mm, w ith  p re s su re  as a param eter. 
A Imb, V 2mb, A 3mb, D 4mb, O 5mb, O 6mb, 7mb, x  8mb, 
T- 9mb, • lOmb.
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C A T H O D E  F A L L  ( k V )
F ig  3 .1 0 , C u rren t r a t i o s  fo r  3mm e le c tro n  gun cathodes of
d i f f e r e n t  h o le  d ep th , (a )  & (b ) :  a  Imb, V 2mb, A 3mb, 
□  4mb, O 5mb, O 6mb, Tmb, (c ) -  ( f ) :  a  1,5mm, V 3.0mm, 
A 6.0mm, □  10,0mm, O 15mm, O 21mm,
120120
( a )  p l a n e 100100 1mb
5mb
6 0 1mbUJ
S  4 0
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C A T H O D E  F A L L ( k V )
F ig 3 .11 . V -I c h a r a c t e r i s t i c s  (a ) -  ( c ) ,  an d “c u rre n t r a t i o s
(d) -  ( f ) ,  f o r  m u ltip le  a p e r tu re  e le c tro n  guns, w ith  p re s su re  as 














Fig  3 . 13. The s im i la r i ty  param eter (p .dc ) a s  a fu n c tio n  of th e  
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C A T H O D E  F A L L  ( k V )
Fig 3 .14 . T ra n s it io n  p o in ts  f o r  th e  e le c tro n  beam d isch a rg e  as a 
fu n c tio n  of th e  Cathode f a l l .  ’+’ i t r a n s i t i o n  p o in ts  from th e  
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Fig 3 .15 . T ra n s it io n  p o in ts  f o r  e le c tro n  beam d isc h a rg e s  using  










(c )p d ^ < p g /^
Fig 3 «16. Expected d i s t r i b u t io n  of v o lta g e  e q u ip o te n t ia ls  in  th e  
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Fig 3 .1 9 a . Em ission p r o f i l e s  in  th e  CDS and NG re g io n s  fo r  a 
p lane cathode a t  a p re s su re  of Imb. The w idth  of th e  ’window’ 
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Fig 3 .19b , Em ission p r o f i l e s  in  th e  CDS and NG re g io n s  fo r  a 
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.5 100 5016Â
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Fig 3 .20a . Em ission p r o f i l e s  in  th e  CDS and ÎKJ re g io n s  fo r  a 
p lane cathode a t  a p re s su re  of 2mb.
0 .5 4 5I<V, 0.2mA 0.65kV,0.3mA
0.65kV, 0.3mA 10
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0 .8 6 SkV. 0.5mA 30
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0 *2 -4 -6 10 1-2 14 16
Fig 3 .20b . Em ission p r o f i l e s  in  th e  CDS and NG re g io n s  fo r  a 
p lane cathode a t  a p re s su re  of 2mb.
2mb 0.65kV,0.3mA
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Fig 3 ,20o . Em ission p r o f i l e s  in  th e  CDS and NG re g io n s  fo r  a 
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Fig 3 .2 1 . E taission  p r o f i l e s  in  th e  CDS and NG re g io n s  f o r  a 
p lane  cathode a t  a p re s s u re  of 4mb. The arrow s denote th e  
p o s i t io n  of a t h i r d  peak in  th e  NG re g io n .
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0 -2 "4 6 -8 K) n  14 16
Fig 3 . 22. Em ission p r o f i l e s  in  th e  CDS and NG re g io n s  f o r  an 
e le c t ro n  gun cathode of d im ensions 3mmx21mm, a t  Imb p re s su re .
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C A T H O D E  F A L L  ( k V )
Fig 3 .23 . V alues of th e  d isch a rg e  c u r re n t and Cathode f a l l  taken  
d u ring  th e  m easurem ents of th e  em ission  p r o f i l e s .  The cu rves 
show poor r e p ro d u c ib i l i ty  fo r  l a r g e r  v a lu e s  of c u r re n t  and 
Cathode f a l l ,  as shown fo r  p o in ts  around 1.0kV-1.2kV a t  Imb. 







Fig 3 .2 4 . The d isch a rg e  tube used to  in v e s t ig a te  e le c tro n  beam 
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C A T H O D E  F A L L  ( k V )
Fig 3 .2 5 . The V -I c h a r a c t e r i s t i c s  of an e le c t r o n  beam d isch a rg e  
in  argon, w ith  p re s s u re  as a param eter. A d d itio n a l t r a n s i t i o n  
p o in ts  from subsequent ru n s  a re  in c lu d ed  a ls o .
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Fig  3 .2 8 a . In te n s i ty  r a t i o s  f o r  A r il  l e v e l s  in  an e le c tro n  beam 
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Fig 3 .28b . I n te n s i ty  r a t i o s  f o r  A ril  l e v e l s  in  an e le c t ro n  beam 
d isch a rg e  a t  0.4mb. O  : M765A/4806A, O : 4880A/4806A, 
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C hapter 4
4 E le c tro n  M otion in  th e  Cathode Region o f a  Helium D ischarge
4.1 In tro d u c t io n
When an e le c t r o n  beam from a  h igh  v o lta g e  glow d isch a rg e  i s  used 
to  g e n e ra te  an e iec tro n -b eam  plasm a in  a  low p re s s u re  gas , i t  i s  
im p o rtan t to  u n d ers tan d  th e  p ro c e sse s  w hich s u s ta in  th e  beam plasm a 
re g io n , and th e  mechanisms oy which th e  f a s t  e le c t ro n s  from th e  
cathode im p art t h e i r  energy to  th e  g as . The p h y s ic a l appearance of 
th e  beam plasm a re g io n  h as  been d e p ic te d  i n  f i g  2 .13 and c o n s is ts  
p r in c ip a l ly  o f th e  CDS sh ea th  and th e  NG plasm a. In  t h i s  c h a p te r , a 
th e o r e t ic a l  model i s  developed f o r  helium  to  g a in  a b e t t e r  
u n d ers tan d in g  o f th e  b a s ic  p r o p e r t ie s  o f  a h igh  v o lta g e  glow 
d isc h a rg e , and i t s  p o s s ib le  a p p l ic a t io n  to  th e  io n  l a s e r s  to  y ie ld  
improved o p e ra tin g  e f f i c i e n c i e s .  There a r e  th r e e  main aims i n  th e  
fo rm u la tio n  o f th e  model;
1. To p rov ide  an u n d ers tan d in g  o f th e  unusual d isc h a rg e  p ro c e s se s
which le a d  to  e-beam p ro d u c tio n  from p e r fo ra te d  ca th o d es;
2. To in v e s t ig a te  th e  g e n e ra l s u p e r io r  perform ance of high
v o lta g e  HCD's and e-beam d is c h a rg e s  compared to  low v o lta g e  HCD’s ;
3. To c h a ra c te r i s e  th e  ran g es  o f f a s t  e le c t r o n s  i n  a g as , which a re  
d i r e c t ly  r e l a t e d  to  th e  p h y s ic a l le n g th  o f th e  NG.
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A th e o r e t ic a l  model o f th e  d isch a rg e  can he developed by s im u la tin g  
io n  and e le c t r o n  m otion in  th e  CDS and NG re g io n s . There have been a 
number o f rev iew s d is c u s s in g  th e  v a r io u s  te c h n iq u e s  f o r  m ode lling  th e  
cathode re g io n s  o f a  glow d isch a rg e  [1 -3 ] .  '  The g e n e ra l approach 
in v o lv e s  approx im ating  th e  e l e c t r i c  f i e l d s  i n  th e  cathode re g io n s ,  and 
th e n  c a lc u la t in g  th e  charged  p a r t i c l e  energy d i s t r i b u t io n  fu n c tio n s  a t  
each p o in t in  th e  d isc h a rg e . S e lf - c o n s is te n t  m odels go one s te p  
f u r th e r  and use th e  energy d i s t r i b u t io n  fu n c tio n s  to  c a lc u la te  charged 
p a r t i c l e  c o n c e n tra tio n s  and space charge d e n s i t i e s  and th e n , v ia  
P o is s o n 's  e q u a tio n , th e  e l e c t r i c  f i e l d  i s  r e -d e f in e d  a t  a l l  
p o s i t io n s .  The c a lc u la t io n  i s  re p e a te d  u n t i l  th e  e l e c t r i c  f i e l d  
becomes in v a r i a n t .  Some models t r e a t  th e  CDS and NG to g e th e r  and d ea l 
w ith  th e  boundary re g io n  between th e  two w ith  a  m od ified  Langmuir and 
Tonks/Bohm th eo ry  fo r  th e  NG plasm a and CDS p o s i t iv e  io n  sh ea th  [4 ] .  
The p resence o f a  f lu x  o f f a s t ,  beam -like e le c t r o n s  a t  th e  boundary 
re g io n  i s  a  co m p lica tin g  f a c t o r ,  however.
In  helium , a few M onte-Carlo c a lc u la t io n s  u sin g  random number 
g e n e ra to rs  have been c a r r ie d  o u t to  p re d ic t  th e  e le c t ro n  energy 
d i s t r i b u t io n  fu n c t io n  (EEDF) in  th e  CDS sh ea th  u sing  an  assumed 
e l e c t r i c  f i e l d  d i s t r i b u t i o n  a s  a  s t a r t i n g  p o in t [ 5 ] , [ 6 ] ,  Helium i s  a  
conven ien t gas to  model because th e  c o l l i s i o n  c ro s s - s e c t io n s  f o r  
e le c t ro n  im pact to  e x c i te  th e  10-20 p r in c ip a l  atom ic s t a t e s  a re  w e ll 
known. The EEDF i s  p robab ly  th e  most im p o rtan t param eter in  th e  
d isch a rg e  to  c h a r a c te r i s e ,  due m ainly to  th e  f a c t  t h a t  e x c i ta t io n  and 
io n i s a t io n  in  th e  helium  d isc h a rg e  can be a lm ost e n t i r e ly  a t t r i b u t e d  
to  e le c t r o n  c o l l i s io n s .  The io n  energy d i s t r i b u t i o n  fu n c tio n  i s  
th e r e f o r e  n o t co n sid e red  u n t i l  th e  f i n a l  s e c t io n  o f t h i s  c h a p te r . In  
a tte m p tin g  to  so lv e  th e  t r a n s p o r t  e q u a tio n s  f o r  e le c tro n  m otion, i t  i s  
found th a t  a  s t a t e  of e q u ilib r iu m  between th e  EEDF and th e  lo c a l
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e l e c t r i c  f i e l d  may n o t e x i s t  i n  th e  CDS and Nti. T his i s  due to  th e  
la rg e  and r a p id ly  v a ry in g  e l e c t r i c  f i e l d  c lo se  to  th e  cathode , and th e  
f lu x  o f  f a s t  e le c t r o n s  a t  th e  CDS/NG boundary. In  s im u la tin g  e le c t r o n  
m otion i n  th e  cathode re g io n s , i t  i s  n ecessa ry  to  use th e  com plete 
EEDF i n  c a lc u la t io n s  to  d e sc r ib e  th e  m otion o f e le c t ro n s .  U nlike th e  
e le c t r o n  m otion in  th e  PC. th e  energy gained  by an e le c t r o n  in  th e  CDS 
i s  n o t b a lanced  by energy lo s s e s  in c u rre d  th rough  i n e l a s t i c  
c o l l i s io n s ,  and t h i s  le a d s  to  a  runaway e f f e c t  of th e  e le c t ro n
v e lo c i ty .  Even wnen a  l i n e a r  e l e c t r i c  f i e l d  i s  assumed in  th e  CDS,
to g e th e r  w ith  a  sm all bu t c o n s ta n t f i e l d  i n  th e  NG, s im u la tin g  
e le c t r o n  m otion may demand s u b s ta n t i a l  p ro c e s s in g  tim e on a s ta n d a rd  
mainframe com puter. Indeed , th e  m a jo rity  o f th e se  M onte-Carlo models 
d ea l only  w ith  ' normal ' helium  d is c h a rg e s  w ith  a  Cathode f a l l  o f
~150V.
In  o rd e r to  b e s t  s a t i s f y  th e  th re e  d i f f e r e n t  aim s l i s t e d  above, a 
g e n e ra l model i s  c o n s tru c te d , s t a r t i n g  w ith  an assumed e l e c t r i c  f i e l d  
d i s t r i b u t io n ,  and th e  EEDF i s  th e n  c a lc u la te d  a t  d i f f e r e n t  p o s i t io n s  
in  th e  d isc h a rg e . P a r t i c u la r  a s p e c ts  o f th e  g e n e ra l th eo ry  r e la te d  to  
th e  th r e e  aim s a r e  developed a t  a l a t e r  s ta g e . Thus, a  model i s  
fo rm u la ted  to  c o n s id e r  a  d isc h a rg e  in  helium  w ith  th e  fo llo w in g
c r i t e r i a :
(a )  A p a i r  of f l a t ,  p a r a l l e l  e le c tro d e s  o f i n f i n i t e  e x te n t w ith  th e  
anode p laced  in  th e  FDS re g io n ;
(b) A v a r ia b le  Cathode f a l l  betw een 150V (norm al regim e) and I.OkV 
(abnorm al reg im e).
These c r i t e r i a  a re  adop ted  because m odelling  a d isch a rg e  p o sse ss in g  a 
two d im ensional e l e c t r i c  f i e l d  s im i la r  to  t h a t  expec ted  in  a
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p e r fo ra te d  cathode ( f i g  3 .16b) would be d i f f i c u l t ,  due to  th e  la c k  of 
r e l i a b l e  ex p erim en ta l measurem ents o f th e  f i e l d  p a t te r n  around th e  
h o le  a p e r tu re .  These m easurem ents a re  needed to  make an i n i t i a l  guess 
o f th e  f i e l d  d i s t r i b u t i o n  and s tr e n g th .  I t  h as  been shown in  th e  
p rev io u s  c h a p te r , however, th a t  e-beam p ro d u c tio n  from p e r fo ra te d  
ca th o d es i s  a s tro n g  fu n c t io n  o f th e  Cathode r a i l ,  w ith  th e  c u r re n t  
r a t i o  (Q j) r i s i n g  r a p id ly  around V^=1.4kV. I t  i s  u se fu l th e re fo re ,  to  
s im u la te  a  helium  d isc h a rg e  w ith  a  v a r ia b le  Cathode f a l l ,  and pay 
p a r t i c u la r  a t t e n t io n  to  th e  s t a t e  of th e  d isch a rg e  when V^:^1.0kV.
The in v e s t ig a t io n  o f e le c t ro n  c o l l i s io n s  in  nelium  by M ille r  C7J 
shows th a t  f a s t  e le c t ro n s  (keV) can g e n e ra te  e le c t r o n / io n  p a i r s  w ith  a 
a n a l1 e r average energy e x p e n d itu re  th an  can low energy e le c t ro n s  o f a 
few hundred eV. E le c tro n  beams g en era ted  by glow d is c h a rg e s  a re  n o t 
e n t i r e ly  m ono-energe tic , however, and th e  sp read  o f e le c tro n  e n e rg ie s  
i n  th e  beam undoubtedly  a f f e c t s  th e  o v e ra l l  average e f f ic ie n c y  a t  
which new e / i  p a i r s  a r e  g e n e ra te d . As th e  e-beam f lu x  d eg rades in  
p ass in g  th rough  th e  g a s , i o n i s a t io n  may become l e s s  e f f i c i e n t ,  and 
c e r t a in  p a r t s  o f th e  NG may be more im p o rtan t i n  m a in ta in in g  th e  
p ro d u c tio n  o f new e / i  p a i r s .  I o n is a t io n  in  th e  NG brought abou t by 
f a s t  e le c t ro n s  in  HCD's (V^=200V-300V) may be compared to  t h a t  in  
e-beam d isc h a rg e s  (V^>>1.0kV), D egradation  w ith  d is ta n c e  o f th e  
e le c t ro n  f lu x  from th e  CDS/NG boundary i s  a ls o  im p o rtan t in  
c h a ra c te r i s in g  th e  beam energy coupled to  th e  g as  in  th e  NG, and in  
d e term in ing  th e  p h y s ic a l le n g th  o f th e  NG from th e  e le c t ro n  ran g es . 
The o v e ra l l  le n g th  o f th e  NG i s  an im p o rtan t f a c to r  s in c e  i t  must be 
matched to  th e  d im ensions o f th e  g a in  volume o f th e  l a s e r .  In  th e  
lo n g i tu d in a l  scheme o f f i g  1 .11 , a  NG s h o r te r  in  le n g th  th a n  th e  
c o n fin in g  magnet and g as  c e l l  le a v e s  re g io n s  o f th e  gas a long  th e  
o p t ic  a x is  u n e x c ite d , r e s u l t in g  i n  a  re d u c tio n  o f g a in . C onversely ,
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i f  th e  NU i s  to o  lo n g , e-beam energy i s  w asted  a s  th e  e le c tro n s  c rash  
in to  th e  end m irro r  o r c o l l id e  w ith  th e  tu b e  w a lls .  In  a  hollow  
cathode d isc h a rg e  u sin g  helium  a t  somewhat h ig h e r  p re s su re , th e  le n g th  
o f th e  NG must be g r e a te r  th a n  th e  ra d iu s  o f th e  c i r c u la r  d isc h a rg e  
tube in  o rd e r  to  a ch iev e  th e  d e s ire d  co a lescen ce  of NG a t  th e  tube 
c e n tre .  I f  such an o v e rla p  i s  n o t ach ieved , th e  FDS ap p ea rs  a t  th e  
tube c e n tre ,  th e  'h o llo w  cathode e f f e c t '  i s  reduced , and th e  g a in  
re g io n  may ta k e  on an a n n u la r  p r o f i l e  [8 ] .
4 .2  The P ro p ag a tio n  o f F a s t E le c tro n s  in  Helium
4 .2 .1  P re lim in a ry  Assum ptions
The fo llo w in g  assum ptions and s im p l i f ic a t io n s  a re  made in  o rd e r  
to  m inim ise th e  number o f c a lc u la t io n s  re q u ire d  i n  th e  s im u la tio n  o f 
e le c tro n  m otion:
1. The d isch a rg e  i s  assumed to  form between two f l a t  p la te  
e le c tro d e s  o f i n f i n i t e  e x te n t-  so th a t  edge e f f e c t s  around th e  
cathode p e r im e te r  and th o se  caused by a  b u ild  up o f w a ll space 
charges  can be n e g le c te d  ( f i g  4 .1 a ) .
2 . D ischarge v a r ia b le s  a r e  assumed to  vary  on ly  w ith  s p a t i a l  
p o s i t io n  and n o t w ith  tim e,
3. The e l e c t r i c  f i e l d  i n  th e  CDS f a i l s  l in e a r ly "  w ith  d is ta n c e ,  from 
a  maximum a t  th e  cathode fa c e  d ec re as in g  to  z e ro  a t  th e  CDS/NG 
boundary. At a l l  p o s i t io n s  w ith in  th e  NG, th e  e l e c t r i c  f i e l d  i s
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zero .
4 . Energy lo s s e s  due to  ' e l a s t i c '  c o l l i s io n s  a re  n e g l ig ib le .
5 . Energy lo s s e s  in c u rre d  d u rin g  i n e l a s t i c  c o l l i s i o n s  a re  co n sid ered
only fo r  s in g le  s te p  io n i s a t io n  to  He'*', and f o r  e x c i ta t io n  to  th e
1 1 1 3  3 3p r in c ip a l  atom ic l e v e l s  ns S ,n p  P ,nd D ,ns S ,n p  P ,nd  D. A ll th e
fo llo w in g  c o l l i s i o n  p ro c e sse s  a re  n e g le c te d :
(a ) Double io n i s a t io n  to  produce He** from He or He*
(b) S im ultaneous io n i s a t io n  and e x c i ta t io n  to  produce He** 
s t a t e s
(c )  I o n is a t io n  v ia  in te rm e d ia te  s t a t e s  such as  He* and He*
6 . Angular s c a t t e r in g  o f  e le c t r o n s  du ring  e l a s t i c  and i n e l a s t i c  
c o l l i s i o n s  i s  n o t c o n s id e re d  f o r  in d iv id u a l  im pact e v e n ts . 
In s te a d , an e m p ir ic a lly  determ ined  's t r a g g l in g  f a c t o r '  (k e) i s  
in tro d u c e d , which i s  a c o n s ta n t (ke=1 o r 2 ) .
7 . The gas d e n s ity  i s  ta k en  to  be co n s ta n t in  a l l  re g io n s  o f th e  
d isc h a rg e , and p o s s ib le  d e n s ity  v a r ia t io n s  caused by ohmic 
h e a tin g  o f th e  gas a r e  n e g le c te d .
The com plexity  o f th e  th e o r e t i c a l  model to  be developed h e re  can be 
s ig n i f i c a n t ly  reduced by ad o p tin g  a d isch a rg e  geometry which i s  
e f f e c t iv e ly  one d im ensional a s  shown in  f i g  4 .1 a . For t h i s  to  be th e  
case i n  p r a c t ic e ,  i t  i s  n ece ssa ry  to  en su re  th a t  th e  p h y s ic a l 
dim ensions o f  th e  e le c t ro d e s  a r e  g r e a te r  th a n  th e  e le c tro d e  
s e p a ra t io n . D ischarge p a ram ete rs  a re  th e re fo re  only c a lc u la te d  i n  
term s o f th e  X -co o rd in a te . 'S t r a g g l in g ' o f th e  e le c t r o n  path  a s  shown 
in  f i g  4 .1b i s  a known ex p erim en ta l e f f e c t ,  and r e s u l t s  from th e  
numerous e l a s t i c  and i n e l a s t i c  c o l l i s io n s  t h a t  occur when th e  e le c t ro n  
t r a v e r s e s  a  th ic k  t a r g e t .  The a c tu a l  pa th  le n g th  of an e le c t r o n  in  a 
g as i s  g r e a te r  th an  th e  observed  range (Xo) by a  f a c to r  of about two
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due to  th e  z ig -z a g  p a th  fo llo w ed  by th e  e le c tro n  b e fo re  coming to  r e s t  
[ 9 ] .  In  th e  CDS, th e  e le c t ro n s  s u f f e r  r e l a t i v e ly  few c o l l i s io n s ,  and 
s t r a g g l in g  i s  l e s s  im p o rtan t th a n  in  th e  lo n g e r  NG re g io n . T h ere fo re , 
in  th e  c a lc u la t io n s  to  fo llo w , ke i s  s e t  a t  1 .0  in  th e  CDS, and 2 .0  in  
th e  NG. S p a t ia l  v a r ia t io n s  o f  th e  gas te m p era tu re  in  th e  cathode 
re g io n s  o f a helium  glow d isc h a rg e  have been in v e s t ig a te d  e x te n s iv e ly  
by G un thershu lze  in  co n n ec tio n  w ith  a study of th e  s im i la r i ty  law s f o r  
helium  [1 0 ] , G en e ra lly , i t  i s  found th a t  th e  tem p era tu re  o f th e  gas 
i s  a t  a  maximum around th e  CDS/NG boundary, d im in ish in g  w ith  d is ta n c e  
f u r th e r  in to  th e  NG, o r tow ards th e  cathode. G unthershu lze  e s t im a te s  
th e  gas te m p e ra tu re s  a t  th e  CDS/NG boundary to  be between 3OOK-6 OOK a t  
Imb p re s s u re  and V^~1.0kV w ith  a c u r re n t d e n s ity  o f a  few mA.cm” ^ . 
Tem peratures o f s e v e ra l hundred °C a r e  a lso  quo ted  by F ra n c is  [11] b u t 
th e re  a re  few d i r e c t  s p e c tro sc o p ic  measurem ents u sin g  th e  D oppler 
w id th s  of em ission  l i n e s .  Tem perature d i s t r i b u t io n s  in  th e  d isch a rg e  
re g io n s  a re  d i f f i c u l t  to  gauge in  p r a c t ic e  because th e  r a t e s  o f h e a t 
d i s s ip a t io n  to  th e  su rro u n d in g  v e s s e l  w a lls  and e le c tro d e s  a re  
d i f f i c u l t  to  c a lc u la te .  These f a c to r s  vary  co n s id e ra b ly  between 
d i f f e r e n t  ex p erim en ts . A uniform  gas te m p era tu re  and d e n s ity  
th roughout th e  d isc h a rg e  i s  th e re fo re  assumed a s  a f i r s t  
approx im ation , and a l l  s p a t i a l  c o -o rd in a te s  a re  sc a le d  acco rd in g  to  
th e  s im i la r i ty  law of d is ta n c e  and p re s s u re  p .x  (mb.cm).
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4 .2 .2  The C o ll is io n  C ro s s -s e c tio n s
A com plete s e t  o f sem i-em p irica l c r o s s - s e c t io n s  f o r  helium  have 
been c a lc u la te d  by Alkhazov fo r  e le c tro n  e n e rg ie s  up to  20keV, u s in g  
ex p erim en ta l d a ta  to  f i t  cu rv es  a t  low energy and th e  Born 
approx im ation  to  cover h igh  e n e rg ie s  [1 2 ] . These c ro s s - s e c t io n s  
in c lu d e  s in g le - s t e p  io n i s a t io n  and e x c i ta t io n  to  th e  v a r io u s  s in g le t  
and t r i p l e t  a tom ic l e v e l s .  The d i f f e r e n t i a l  c r o s s - s e c t io n  f o r  
io n i s a t io n  re p o r te d  g iv e s  th e  p re d ic te d  energy spectrum  of th e  
secondary e le c t r o n s  c re a te d  i n  io n is in g  c o l l i s i o n s .  This s e t  of 
c ro s s - s e c t io n s  a r e  used in  t h i s  th e  model and a r e  d e sc r ib e d  in  
Appendix I I . 1 o f t h i s  t h e s i s .
4 .2 .2 .1  I o n is a t io n  and E x c i ta t io n  C ro ss-S ec tio n s
The c r o s s - s e c t io n s  f o r  io n i s a t io n  and f o r  e x c i ta t io n  to  th e
v a r io u s  atom ic s t a t e s  in c lu d e d  i n  th e  moael a r e  d e p ic te d  i n  f i g  4 .2 .
For e le c t ro n s  w ith  e n e rg ie s  g r e a te r  th an  about 30eV, s in g le - s t e p
io n i s a t io n  h as  th e  l a r g e s t  c ro s s - s e c t io n  and i s  th e  dominant energy
lo s s  p ro c e ss . The c o n t ra s t  between th e  c ro s s - s e c t io n s  f o r  e x c i ta t io n
to  th e  s in g le t  s t a t e s  and to  th e  t r i p l e t  s t a t e s  i s  q u i t e  c l e a r  w ith
th o se  o f th e  s in g le t s  f a l l i n g  o f f  more g ra d u a lly  a t  h igh  energy . The
1g e n e ra l shape o f th e  c r o s s - s e c t io n s  o f th e  s in g le t  np P s t a t e s  a re  
s im i la r  to  t h a t  o f th e  io n i s a t io n  c r o s s - s e c t io n .  The im pact 
c ro s s - s e c t io n s  f o r  p roducing  He** and He* s t a t e s  by s in g le  s te p  
e le c t r o n  im pact a r e  bo th  s e v e ra l o rd e rs  of m agnitude l e s s  th a n  th o se  
g iv en  in  r i g  4 .2 ,  and a r e  th u s  n e g le c te d  [1 3 ].
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4 .2 .2 .2  D i f f e r e n t i a l  C ro ss -S e c tio n s
The secondary e le c t r o n s  g en e ra ted  in  io n is in g  c o l l i s i o n s  have a 
range of e n e rg ie s  which a re  determ ined  by th e  d i f f e r e n t i a l  
c r o s s - s e c t io n  f o r  io n i s a t io n  E) .  This r e p re s e n ts  th e  p r o b a b i l i ty  
o f g e n e ra tin g  a secondary w ith  energy (E -I^ ) (eV) from a prim ary o f 
energy E (eV) w ith  a t o t a l  energy lo s s  of E (eV ), where (eV) i s  
th e  f i r s t  io n i s a t io n  p o te n t i a l .  Two exam ples o f th e  energy spectrum  
o f se c o n d a rie s  a re  d e p ic te d  i n  f i g  4 .3  u s in g  th e  ex p re ss io n  g iv en  by 
Alkhazov f o r  p r im a r ie s  o f energy lOOeV and 1keV. The p ro b a b il i ty  o f 
g e n e ra tin g  se c o n d a r ie s  has a  maximum a t  z e ro  energy (E-Ig= OeV) w h i ls t  
i t  i s  l e a s t  p robab le  th a t  th e  two e le c tro n s  sh a re  equal e n e rg ie s  a f t e r  
th e  ev en t. The in d i s t in g u i s h a b i l i t y  of th e  two e le c t r o n s  a f t e r  th e  
c o l l i s i o n  g iv e s  r i s e  to  a p ro b a b il i ty  d i s t r i b u t i o n  which i s ,  in  
p r a c t ic e ,  th e  sum of two c u rv e s . In  o th e r  words, i t  i s  assumed th a t  
th e  f a s t e r  e le c t r o n  o f th e  p a i r  i s  th e  prim ary e le c t r o n  w h i ls t  th e  
slow er one i s  th e  secondary .
4 .2 .2 .3  Secondary, I o n is a t io n
For a prim ary e le c t r o n  of energy E, th e  average energy
£ ^(E) (eV) o f  th e  secondary c re a te d  in  an io n is in g  c o l l i s i o n  can be 
c a lc u la te d  by ta k in g  th e  average energy over a l l  secondary e n e rg ie s :





w ith  E* = E - I ,
and th e re fo re
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e (E) = E - I8  O
E + L
(E - i^ )  6 g (e )  dE
/■EiL 2
(4 .2 )
The l i m i t s  of in te g r a t io n  a re  s e t  in  accordance w ith  th e  p r in c ip le  of 
in d i s t in g u is h a b i l i t y  ; to  in t e g r a te  p a s t th e  p o in t (E + I^ )/2  i n  e q . ( 4 .2 )  
r e s u l t s  in  coun ting  th e  th e  e le c t r o n s  tw ic e . The average t o t a l  energy
E g(B)+ l o s t  in  an io n is in g  c o l l i s io n  h as  been c a lc u la te d  u s in g
e q , ( 4 .2 ) ,  and i s  shown in  f i g  4 .4  as a fu n c tio n  of prim ary energy E. 
The average energy im parted  to  th e  secondary i s  seen  to  in c re a s e  w ith
prim ary energy and f o r  p r im a r ie s  over O.SkeV, [^ (E )  becomes l a r g e r
th a n  (£^(E )+ I^> 21^). A secondary w ith  t h i s  average energy may tak e  
p a r t  in  f u r th e r  io n is in g  c o l l i s i o n s  to  g e n e ra te  t e r t i a r y  e le c t r o n s .
Although th e  p ro b a b i l i ty  fu n c tio n  Gg(E) f o r  g e n e ra tin g  
se c o n d a rie s  i s  alw ays l a r g e s t  f o r  producing  e le c t r o n s  a t  0 eV, a  
s ig n i f i c a n t  number of s e c o n d a r ie s  may have e n e rg ie s  h ig h e r  th an  th e  
io n i s a t io n  p o te n t ia l  and mey them selves produce f u r th e r
io n is a t io n .  A number of p re v io u s  th e o r e t ic a l  models s im u la tin g  
e le c t r o n  m otion in  th e  CDS and NG n e g le c t secondary io n i s a t io n  p a r t ly  
on th e  grounds t h a t  0"g(E) peaks a t  0 eV [ 1 4 ] ,[ 1 5 ] .  A lthou#i t h i s  may 
be a re a so n a b le  app rox im ation  f o r  low energy p r im a r ie s , and sm all 
Cathode f a l l s  (V^"150V), i t  becomes l e s s  a c c u ra te  f o r  h ig h e r  e n e rg ie s  
when a  s ig n i f i c a n t  number of s e c o n d a rie s  a re  g en e ra ted  in  th e  t a i l  of 
(Tg(E) ( f ig  4 .3 b ) .  Using an e x p re s s io n  s im i la r  to  eq . 4 .2 , i t  i s  
p o s s ib le  to  c a lc u la te  th e  f r a c t i o n  |^(E) o f e le c t ro n s  in  th e  secondary
75
d i s t r i b u t io n  Gg(E) which have e n e rg ie s  g r e a te r  than
f T "H ; ( E )  = a  ( E )  d E
2 G g ( E )  d E
lo
(4 .3 )
The form of |^(E) i s  shown in  f i g  4.5 and i t  i s  seen  th a t  th e  
p ro p o r tio n  o f se c o n d a rie s  g en e ra ted  w ith  £ >1^ in c re a s e s  w ith  prim ary 
energy E and p la te a u s  a t  around 0.3keV. There i s  a th re sh o ld  energy 
f o r  t e r t i a r y  p ro d u c tio n  a t  E=3I^. Many of th e  se c o n d a rie s  g en e ra ted  
w ith  e n e rg ie s  only s l i g h t l y  above however, do n o t u l t im a te ly
g e n e ra te  t e r t i a r y  e le c t ro n s  s in c e  th e  c ro s s - s e c t io n s  f o r  io n i s a t io n  
and e x c i ta t io n  a re  com parable in  s iz e  fo r  e le c t ro n s  w ith  e n e rg ie s  
between and ~40eV. From a  prim ary o f energy E, th e  o v e ra l l
p ro b a b i l i ty  JLI(E) o f producing  a  secondary e le c t r o n  w ith  energy above 
which . su b sequen tly  p roduces an e le c t r o n / io n  p a i r  in  a  f u r th e r  






O j g ( E )  d E
where th e  v a r ia b le s  0^(E) (cm ) and ^(E) a re  th e  re s p e c t iv e  
c ro s s - s e c t io n s  f o r  io n i s a t io n  and f o r  e x c i ta t io n  to  th e  atom ic le v e l  
o f p r in c ip a l  quantum number n (n= 2 ,3 , 4 , . . . )  and a n g u la r  momentum 
number 1 (1 = 8 ,P , D , . . . ) .  T his i s  a ls o  shown in  f i g  4.5 and can be used 
to  a s s e s s  th e  im portance of secondary io n i s a t io n  ( in  an a b i l i t y  to  
produce t e r t i a r i e s )  f o r  d i f f e r e n t  v a lu e s  o f th e  prim ary energy E. I t
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i s  no ted  th a t  jJ(E) r i s e s  l e s s  r a p id ly  th an  f^(E) and l e v e l s  o f f  a t  
around 0.3keV a t  a v a lu e  of about 20%. I t  seems n ecessary  th e re fo r e  
to  tak e  in to  account io n i s a t io n  by se c o n d a rie s  i f  f a s t  e le c t ro n s  
(E>0.3keV) a re  to  be expec ted  i n  th e  d isc h a rg e . For a  prim ary energy 
o f O.ISkeV, th e  f r a c t io n  of e le c t ro n s  which a re  expected  to  g e n e ra te  
t e r t i a r i e s  i s  0 .16 , so i t  i s  q u e s tio n a b le  as to  w hether i t  i s  
re a so n a b le  to  n e g le c t secondary io n is a t io n  even f o r  d isc h a rg e s  w ith  
Cathode f a l l s  as  low as  150V.
V alues of th e  average secondary energy E ^(E) can be used to  
c a lc u la te  th e  Loss fu n c tio n  L(E) (eV.cm ) f o r  e le c t ro n s  in  helium . 
This i s  a  fundam ental p aram eter f o r  energy lo s s  in  a gas, and can be 
used to  compare th e  energy lo s s e s  due to  e x c i ta t io n  and io n i s a t io n .  
L(E) i s  d e fin ed  a s :
L(E) = (Eg(E) + I^ )  ) (4 .5 )
The c o n s ta n t I^   ^ (eV) i s  th e  th re sh o ld  e x c i ta t io n  p o te n t ia l .  The form 
of L(E) i s  shown in  f i g  4 .6  and i t  i s  n o tic e a b le  t h a t  energy lo s s  a t  
low energy (E<50eV) i s  p redom inan tly  by e x c i ta t io n  w h i ls t  a t  h ig h e r  
e n e rg ie s  (E>0.2keV), i t  i s  m ainly by io n is a t io n .  The l o s s  fu n c tio n  
can be used d i r e c t ly  to  c a lc u la te  th e  r a t e  of energy lo s s  (dE/dx) 
(eV.cm” ^) o f  an e le c t ro n  t r a v e l l i n g  th r o u ^  a  th in  s la b  of gaseous 
m a te r ia l  (6 x ):
6 e = . L(E) &x where = gas d e n s ity  (cm"^)
and
‘6e ■ ■ = N .L(E) (4 .6 )
lim  ôx-^0 dx 0
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The sto p p in g  power o f a  gas o f d e n s ity  pCgms.caa”^) i s  d e fin e d  a s
1 M  
f  dx .
(eV .cm^.g“ ^) and th e re fo re :
L m  
P  d x
K. L(E) (4 .7 )  where K=1.506x10^3
V alues o f th e  s to p p in g  power o f helium  have been m easured
e x p e rim en ta lly  u s in g  th in  gaseous ta r g e t s  by B erger and S e l tz e r  [163. 
A com parison betw een t h e i r  d a ta  and v a lu e s  c a lc u la te d  h e re  from 
eq (4 .6 ) and e q (4 .5 )  i s  made in  t a b le  4 .1 .
S topping Power
[1  dE P dx
2 -1  MeV.cm ,g










T able 4.1  Comparison o f th e o r e t ic a l  and exp erim en ta l 
s to p p in g  powers in  helium
The two s e t s  of d a ta  ag ree  to  b e t t e r  than  10% f o r  th e  o v erlap p in g  
energy range 10-20 keV. th e reb y  g iv in g  some sense of con fidence  in  th e
v a lu e s  o f L(E) and Eg(E) c a lc u la te d  h e re  from th e  c ro s s - s e c t io n s  o f 
A lkhazov.
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In  a d d i t io n  to  th e  energy lo s s e s  in c u rre d  by an e le c t r o n  d u rin g  
io n is in g  c o l l i s i o n s ,  th e  prim ary i s  d e f le c te d  by a  sm all an g le  away 
from i t s  o r ig in a l  p a th  d u rin g  each c o l l i s io n .  As th e  energy E 
in c re a s e s  beyond a few hundred eV however, t h i s  an g le  of s c a t t e r in g  i s  
p redom inan tly  in  th e  fo rw ard  d i r e c t io n  [173* Tran-ngoc e t - a l  [263 
have m odelled e le c t r o n  m otion in  th e  CDS assum ing fo rw ard  s c a t t e r in g  
o n ly , W hilst i n  a s im i la r  model by Boeuf and Marode, e le c t r o n  
s c a t t e r in g  i s  t r e a te d  more r ig o ro u s ly  b u t w ith  an accompanying 
in c re a s e  i n  th e  com plexity  o f th e  c a lc u la t io n s .  In  th e  CDS, i t  seems 
re a so n a b le  to  assume fo rw ard  s c a t t e r in g  o f th e  p r im a r ie s , p a r t i c u la r ly  
in  c a lc u la t io n s  f o r  a d isc h a rg e  w ith  a la rg e  Cathode f a l l .  T his 
approx im ation  i s  e q u iv a le n t to  u s in g  a  u n ity  s t r a g g l in g  f a c to r  in  th e  
CDS. For c a lc u la t io n s  i n  th e  NG, a S tra g g lin g  f a c t o r  o f 2 .0  i s  used 
th ro u g h o u t, a lth o u g h  t h i s  i s  expec ted  to  le a d  to  some sy s te m a tic  
e r r o r s  i n  e s t im a te s  o f th e  p h y s ic a l s iz e  o f th e  re g io n . These 
e s tim a te s  can th e r e f o r e  only be used a s  a  rough gu ide i n  p re d ic t in g  
th e  t o t a l  le n g th  o f th e  re g io n . The slow er secondary e le c tro n s  from 
io n i s a t io n  c o l l i s i o n s  a r e  a ls o  g en e ra ted  w ith  t h e i r  v e lo c i ty  
components m ainly in  th e  fo rw ard  d i r e c t io n  [183. I t  i s  assumed h e re  
t h a t  they t r a v e l  in  th e  same d i r e c t io n  a s  th e  prim ary a f t e r  th e  
c o l l i s io n .  Then, th e  c o n t r ib u t io n  o f th e  se c o n d a rie s  to  th e  t o t a l  
e le c tro n  c u r re n t in  th e  d isc h a rg e  may be added d i r e c t ly  to  th e  c u r re n t 
f lu x  p re s e n t due to  th e  p r im a r ie s . Subsequent e x c i ta t io n  and 
io n i s a t io n  o f th e  gas by se c o n d a r ie s  i s  con fined  to  a  r e l a t i v e ly  sm all 
re g io n  o f th e  g a s , s in c e  th e  l o s s  fu n c tio n  L(E) i s  l a r g e r  and th e  mean 
f r e e  p a th  f o r  c o l l i s i o n s  s h o r te r  f o r  s e c o n d a rie s .
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4 .2 .3  The Computer S im u la tio n
Having made th e  assum ption  th a t  e le c t ro n  m otion  in  th e  cathode 
re g io n s  i s  e s s e n t i a l ly  a one-d im ensional problem , th e  EEDF can be 
d e fin e d  a t  a l l  p o s i t io n s  i n  th e  d isch a rg e  in  te rm s o f th e  c u r re n t  
d e n s ity  J^Cx) CmA,cm” ) .  T his re p re s e n ts  th e  f lu x  o f e le c t ro n  c u r re n t 
a t  p o s i t io n  x (cm) from th e  ca thode , and i s  th e  sum over a l l  e le c tro n  
e n e rg ie s  found a t  p o in t x;
jg (x )  = jg (x ,E )  dE (4 .8 )
w here j^ (x .E )  i s  th e  c u r re n t  f lu x  due to  th e  f r a c t io n  o f e le c tro n s  
w ith  e n e r ^  E. The number d e n s ity  f (x ,E )  o f e le c t ro n s  a t  p o in t x w ith  
energy E i s  found from  f (x ,E )  = E ^ j^ ( x ,E ) .  The fu n c tio n  f (x ,E )  i s  
r e f e r r e d  to  a s  th e  EEDF- w h ils t  th e  energy d i s t r i b u t io n  o f e le c t ro n  
f lu x  (EDEF) r e f e r s  to  th e  fu n c tio n  j^ ( x ,E ) .  I f  th e  'swarm ' of 
e le c t ro n s  re p re s e n te d  by th e  f lu x  j^ (x ,E )  moves through a  sm all 
d is ta n c e  6x i n  a  f i e l d - f r e e  re g io n  o f th e  gas ( f ig  4 .7 )»  some 
e le c t ro n s  i n  th e  f lu x  a i s t r i b u t i o n  c o l l id e  w ith  helium  atoms and may 
lo se  k in e t ic  energy . I f  th e  gas h as  d e n s ity  (cm "3), th e  f r a c t io n  
o f e le c tro n  f lu x  a t  e le c t r o n  energy E l o s t  th rough c o l l i s io n s  over th e  
d is ta n c e  5x i s  g iv en  by:
6 jg (x ,E ) = jg (x ,E )  (1 - (4 .9 a )
w here X(E) = 1 /(Q (E ).H  ) and Q(E) = 6 ,(E ) + „ , 6 „  ,O  a. Tlf ] 1 | J . (E)
X(E) (cm) i s  th e  average mean f r e e  path  between i n e l a s t i c  c o l l i s io n s  
2and Q(E) (cm ) i s  th e  t o t a l  i n e l a s t i c  c o l l i s i o n  c ro s s - s e c t io n .  The
80
rem ain ing  e le c t r o n  f lu x ,  com prised o f e le c tro n s  s t i l l  r e ta in in g  energy 
E, emerges from th e  s la b  a t  x+ 6x ,
The EDEF r e f e r r in g  to  th e  c u r re n t f lu x  j^ (x ,E )  i s  n o t t r e a te d  a s  
a co n tinuous fu n c tio n  in  th e  c a lc u la t io n s  to  fo llo w , bu t in s te a d  i s  
s p l i t  up in to  a la rg e  number (k) o f s e p a ra te  energy ' c e l l s ’ w ith  each 
c e l l  c o n ta in in g  e le c t r o n s  w ith  th e  same k in e t ic  energy ( f i g  4 .8 ) .  A 
s im i la r  approach i s  made by Kagan to  model a  low v o lta g e  helium  
d isch a rg e  [1 5 ] . The EDEF th e re f o r e  c o n s is ts  o f a  f i n i t e  number of 
c e l l s  and th e  c u r re n t f lu x  j^(x,E^^) re p re s e n ts  th e  e le c tro n  f lu x  a t  
p o in t  X due to  e le c t r o n s  w ith  energy E^. Thus e q .4 .9 a  becomes:
6jg(x,Ej^) = Jg(x .E^)  ( 1 -  ( 4 .9 b )
The f r a c t io n  6 jg (x ,E ^ )  o f  c u r re n t  f lu x  r e p re s e n ts  th o se  e le c t r o n s  
which have l o s t  energy in  i n e l a s t i c  c o l l i s io n s  w ith in  x-* x+ 6 x . 
A ccord ingly , th e  f lu x  o f  th e se  e le c t ro n s  must be t r a n s f e r r e d  to  c e l l s  
o f low er energy . The e le c t r o n  f lu x  rem ain ing  i n  th e  k^^ c e l l  a t  p o in t 
x+ 6x  i s  th e re fo re :
Jg(x+ 5x,Ej^) = jg(x,Ej^) e"( i5: = / \ ( E k )  (4 .1 0 )
However, t h i s  c e l l  may a ls o  r e c e iv e  c o n tr ib u t io n s  o f f lu x  a t  p o in t
x+ 6x from c e l l s  o f n ig h e r  energy in  which e le c tro n s  have l o s t  e n e r ^  
in  c o l l i s io n s .  A ll e le c t ro n s  i n  th e  EDEF a r e  ta k en  to  have e n e rg ie s  
which a re  exac t m u l t ip le s  o f  th e  c e l l  s e p a ra t io n  6e , which i s  s e t  a t
0.984eV. This i s  an ex ac t f r a c t i o n  o f th e  f i r s t  io n i s a t io n  p o te n t ia l
in  helium  ( I^ )  which i s  ta k en  to  be 24.6eV. The q u a n t i ty  5j^(x,E^^)
o f e le c t ro n  f lu x  which r e p re s e n ts  th o se  e le c tro n s  judged  to  have 
c o l l id e d  w ith  helium  atom s, can be su b d iv ided  in to  two sm a lle r
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f r a c t io n s  to  r e p re s e n t  th o se  e le c tro n s  ta k in g  p a r t  in  io n is in g  
c o l l i s i o n s  and th o se  in  e x c i ta t io n  c o l l i s io n s .  The co rresp o n d in g  f lu x  
lo s s e s  due to  io n i s a t io n  and to  e x c i ta t io n  <5J q^ ( x ,E j^ )
a re  th e re fo re ;
Ajlon(X'Bk) = 6je(X'Ek) /'____VV_____ \ ('‘•Ha)
6 0 , 1 (8%)/
6 jex (* ’8k) “ ^^e(*'8k) f  6 n ,l(^ k ) \  ('••Hb)
6^ i ( \ )  + ^  60, 1 (8%)/
The energy lo s s e s  in c u rre d  i n  bo th  ty p e s  o f  c o l l i s i o n  a re  c o n s tra in e d  
h e re  to  be ex ac t m u l t ip le s  o f th e  c e l l  s e p a ra t io n  5 e . For example, 
in  a l l  e x c i ta t io n  c o l l i s io n s  i t  i s  assumed th a t  th e  energy lo s s  can be 
s e t  a t  a v a lu e  o f w ith  =22 x 6e . T his i s  an average v a lu e
c a lc u la te d  from th e  e x c i ta t io n  p o te n t ia l s  ^ w eigh ted  acco rd in g  to  
th e  r e l a t i v e  c r o s s - s e c t io n s  o f  th e  d i f f e r e n t  e x c i te d  s t a t e s .  
C onsequently , th e  f lu x  l o s s  must be added a s  a  cascade
c o n tr ib u t io n  to  th e  c u r re n t  f lu x  i n  th e  c e l l  a t  energy E^ -  a t
p o in t x+ 6 x . In  io n is in g  c o l l i s i o n s ,  th e  energy lo s s  i s  n o t sim ply
th e  io n i s a t io n  p o te n t ia l  I^  ( I^  = 2 5 x 0 E ) in  a l l  c a se s , s in c e  th e  
secondary e le c t r o n s  can c a rry  away k in e t ic  energy (6  -  I^ )  a t  th e  
expense of th e  p rim ary . The secondary energy ( 6 -  I^ )  i s  th e re fo re  
q u a n tise d  i n  s te p s  o f oE a s  shown in  f i g  4 .9 ,  to  ta k e  in to  accoun t 
a l l  p o s s ib le  secondary e n e rg ie s  between G = OeV and G= (E -  I ^ ) /2 .  
I f  ^UiQn(x,E^) r e p r e s e n ts  th e  t o t a l  f lu x  o f io n s  judged  to  have tak en  
p a r t  in  io n is in g  c o l l i s i o n s ,  th e  f r a c t io n  used in  g e n e ra tin g
se c o n d a r ie s  w ith  th e  s p e c i f i c  energy i s  th e re f o r e ;
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, m=N
S j g ( x , E j ^ ,  6m) = * ^ E ^  ^ r a ^ /  ^  ^ E ^ ^  ( 4 . 1 2 )m=1
where e ' = (m-1) 5 e' m
and N 5 e ~ (E -  I  ) /2  o r N~ (E -  I  ) /  2 6e o o
The sum in  th e  denom inator o f e q .(4 ,1 2 )  i s  used to  no rm alise  
dTg( e J^). The t o t a l  energy lo s s  f o r  p r im a rie s  to  g e n e ra te  se c o n d a rie s  
w ith  energy i s  th u s  ( 6^  + I^ )  and th e  f r a c t io n  o f f lu x  i s  
th e re fo re  added a s  a  cascade c o n tr ib u tio n  to  th e  c e l l  w ith  energy 
(E^ - (  Em + l ^ ) ) '  At th e  same tim e , th e  f lu x  o f se c o n d a rie s  w ith  
energy e '  (eq u a l in  s iz e  to  5 j  (x ,E . , £ ' )  i s  i t s e l f  added to  th e
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EDEF f o r  v a lu e s  o f k=m. In  p r a c t ic e ,  t h i s  co rresponds to  a d d i t io n s  to  
energy c e l l s  w ith  sm all k numbers. The i n e l a s t i c  c o l l i s i o n s  
ex p erien ced  by a  f lu x  o f e le c tro n s  moving th rough a  th in  re g io n  o f gas 
X'»x+ 5x which r e s u l t  i n  energy lo s s  and cascad ing  o f th e  e le c tr o n  
f lu x  between c e l l s  i n  th e  EDEF a re  re p re s e n te d  g ra p h ic a lly  in  
f i g  4 .10 .
The model developed so f a r  exam ines th e  changes i n  e le c t ro n  f lu x  
Je(x,Ej^) in  each o f th e  c e l l s  i n  th e  EDEF a s  th e  'swarm* moves away 
from th e  cathode and th rough  th e  d isch a rg e  re g io n s . The CDS and NG 
a re  th u s  d iv id ed  in t o  a  la rg e  number o f th in  s la b s  and a s  th e  e le c t ro n  
f lu x  t r a v e r s e s  each s la b ,  th e  f r a c t io n  o f f lu x  ÿ j^ (x ,E ^ ) l o s t  from 
each energy c e l l  i s  c a lc u la te d ,  and th e  c o l l i s io n  p ro d u c ts  a ss ig n ed  to  
th e  a p p ro p r ia te  energy c e l l s .  The p h y s ic a l w id th s  o f th e  s la b s  a re  
s e le c te d  w ith  th e  req u irem en t t h a t  th e  p ro b a b il i ty  o f a  c o l l i s i o n  in  a 
g iv en  c e l l  fo r  a g iv en  e le c t r o n  i s  sm all (< 0 .1 ) . As th e  i n i t i a l  
e le c t r o n  'swarm ' moves away rrom th e  cathode fa c e  under th e  a c t io n  o f 
th e  e l e c t r i c  f i e l d  i n  th e  CDS, th e  e le c tro n s  i n  th e  EDEF g a in  energy
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from th e  f i e l d  a s  w e ll a s  lo s e  energy th r o n g  c o l l i s io n s .
A ccord ing ly , a s  th e  e le c t r o n s  a c c e le r a te  i n  th e  CDS, they  must be 
r a is e d  in to  h ig h e r  energy c e l l s  i n  th e  EDEF, The r i e l d  i n  th e  CDS 
E (x )/p  (V.cra” ^-mb"'^) i s  assumed l i n e a r  and i s  g iv en  by;
ECx) = - 1 ^  = 2V ( 1 - x )  (4 .1 3 )
p p dx dg
T his i s  shown in  f i g  4 .1 1 , and th e  eq u a tio n  can be used to  a r r iv e  a t  
th e  fo llo w in g  fo rm u la  g iv in g  th e  w id th  of th e  re g io n  of g as  6x i n  th e  
CDS over which th e  f i e l d  p o te n t ia l  changes oy an amount &V:
P .d^ (1 -x  ) -  ( d - x ) ^  -  _5v) (4 .1 4 )
I f  th e  p o te n t ia l  6v changes by 0.984eV a s  th e  e le c t ro n  'swarm '
advances th ro u ^ i 6x (x-^ x+ &x) in  th e  CDS, each e le c t ro n  f lu x  
component j^ (x +  6x,E^^) can be r a is e d  in to  th e  nex t h ig h e s t energy c e l l  
a s  th e  swarm re a c h e s  x+ 6x. Thus, e q .(4 .1 4 )  i s  used to  d e f in e  th e  
w id th s  o f th e  s la b s  in  th e  CDS, so th a t  th e  v o lta g e  drop a c ro s s  every 
s la b  i s  0.984eV. V alues o f  th e  t o t a l  w id th  o f th e  CDS from th e  
s im i la r i ty  p aram eter p .d ^  (mb.cm) fo r  d i f f e r e n t  v a lu e s  o f Cathode r a i l  
V^ a re  taken  from von Engel [1 9 ] . These v a lu e s  a r e  l i s t e d  in  
ta b le  4 .2 .
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Table 4 .2  V alues of th e  CDS w id th  param eter p .d ^ .
S t r i c t l y  speak ing , a l l  d im ensions in  th e  d isch a rg e  should  be sca le d  in  
u n i t s  o f (mb.cm) acco rd in g  to  th e  s im i la r i ty  param eter p .x . For 
convenience, a helium  p re s s u re  of Imb i s  used in  subsequen t 
c a lc u la t io n s ,  bu t th e  d isch a rg e  param eters  a re  p re se n te d  i n  th e  
c o r re c t  fo rm at, and a re  sca le d  in  term s of p .x  (mb.cm).
In  th e  f i e l d  f r e e  NG re g io n , 6x  i s  s e le c te d  u s in g  a d i f f e r e n t  
s e t  of c r i t e r i a .  S ince th e  f i e l d  i s  assumed to  be n e g l ig ib le ,  on ly  
th e  cascad ing  e le c t r o n  f lu x  need be c a lc u la te d  f o r  each s la b  of 
d is c h a rg e . I f  th e  i n i t i a l  EDEF i s  allow ed to  c o n ta in  10 u n i t s  of 
e le c t ro n  f lu x  a t  x=0, an energy c e l l  i s  judged to  have em ptied o f f lu x  
when i t s  p o p u la tio n  drops below 10"^. A fte r  id e n t i fy in g  th e  c e l l  w ith
h ig h e s t energy E ^ ^ ^  s t i l l  c o n ta in in g  f lu x  a t  th e  p o in t of i n t e r e s t  in
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th e  NG, th e  v a lu e  of 6x i s  s e le c te d  a s  equal to  0 .1  * The
whole e le c t r o n  'swarm ' i s  th e n  advanced oy th e  same d is ta n c e  ôx , and 
th e  cascad ing  f lu x  computed. The very  low energy e le c tro n s  g en e ra ted  
in  th e  NG from cascad in g , w ith  e n e rg ie s  l e s s  th a n  appear to  have 
long  c o l l i s i o n  mean f r e e  p a th s  when r e f e r r in g  to  f i g  4 .2 , bu t they  a re  
l e s s  d i r e c t io n a l  th a n  th e  f a s t  e le c t ro n s .  For low e n e rg ie s , th e  
assum ptions o f fo rw ard  s c a t t e r in g  d u rin g  i n e l a s t i c  c o l l i s io n s  and 
n e g l ig ib le  e f f e c t s  due to  e l a s t i c  s c a t t e r in g  a r e  probably  in v a l id .  
The m otion o f such e le c tro n s  must be d e a l t  w ith  u s in g  two d im ensional 
t r a n s p o r t  e q u a tio n s  ta k in g  in to  account d i f f u s io n  and recom bination  
[2 0 ] . The ev en tu a l f a t e  o f th e se  slow e le c t r o n s  i s  th e re fo re  no t 
ad d ressed  i n  t h i s  m odel. In s te a d , only th e  d i r e c t io n a l  f lu x  o f f a s t  
e le c t ro n s  i n  th e  NG i s  o f i n t e r e s t  and th e r e f o r e  th e  f lu x  i n  a l l  
energy c e l l s  below I^  i s  ig n o re d . As th e  cascad ing  betw een energy 
c e l l s  in  th e  EDEF c o n tin u e s  a s  th e  'swarm ' advances th rough th e  NG, a  
p o in t i s  reached  when th e  f lu x  d e n s ity  in  a l l  c e l l s  in  th e  EDEF d rops 
below 10*"^, and th e  c a lc u la t io n  i s  th en  assumed to  be com plete. The 
c a lc u la t io n s  have been c a r r ie d  o u t on th e  VAX 11/780-5 com puter a t  S t  
Andrews, and th e  r e le v a n t  programmes a re  in c lu d e d  i n  Appendix I I . 2 of 
t h i s  th e s i s .  The range of th e  Cathode f a l l  ( 0 . 15kV-1.OkV) fo r  which 
c a lc u la t io n s  have been c a r r ie d  o u t i s  l im i te d  by th e  c o n s t r a in ts  of 
th e  computer used.
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4 .3  E le c tro n  M otion i n  th e  CDS
4 . 3.1 E le c tro n  Energy D is t r ib u t io n  F u n c tio n s
To beg in  th e  c a lc u la t io n  o f e le c t ro n  m otion in  th e  CDS, an 
i n i t i a l  EDEF a t  th e  cathode ra c e  i s  a e r in e d . The form o f th e  EDEF i s  
determ ined  by th e  e n e rg ie s  o f  th e  e le c tro n s  re le a s e d  frcan th e  cathode 
by secondary em ission  r e s u l t in g  from io n , m e ta s ta b le  and photon 
im p ac ts . I t  h as  been shown by Helm, however, t h a t  secondary em ission  
by io n  im pact i s  th e  dom inant p ro c e ss  i n  helium  d isc h a rg e s  [2 1 ] . 
Secondary e le c t r o n  em issio n  from v a r io u s  m e ta ls  caused by helium  io n  
im pacts  h as  been d isc u sse d  by C a r te r  & C o llig o n , and i t  i s  shown th a t  
e le c t ro n s  a re  em itted  w ith  e n e rg ie s  governed by i n i t i a l  io n  energy 
[2 2 ] . T ypical io n  e n e rg ie s  expec ted  a t  th e  cathode fa c e  a re  
c a lc u la te d  h e re  from th e  r e s u l t s  o f D avis and V an d e rs lic e  [23] and 
range from ~3eV f o r  V^'O.ISkV up to  ~50eV f o r  V^~1.0kV. The spectrum  
of em itted  e le c t r o n s  f o r  such io n  e n e rg ie s  i s  approx im ate ly  a 
tra p e z o id  i n  p r o f i l e  a s  shown in  f i g  4 .1 2 . T his shape i s  th e re fo re  
adopted  a s  th e  i n i t i a l  EDEF, and an  a r b i t r a r y  i n i t i a l  f lu x  o f  10 u n i t s  
i s  a ss ig n ed  to  th e  p r o f i l e .  Models based on M onte-Carlo te c h n iq u e s  
te n d  to  adop t a  s im p l if ie d  uniform  f lu x  a i s t r i b u t i o n  between 0 -1 OeV, 
o r a S - f u n c t io n  o f  f lu x  a t  OeV, i n i t i a l l y  [ 5 ] , [ 6 j .
The 'swarm ' o f e le c t ro n s  a t  th e  cathode fa c e  re p re s e n te d  by 
f i g  4 .12  ra p id ly  a c c e le r a te s  away from th e  cathode fa c e  under th e  
a c t io n  o f th e  e l e c t r i c  f i e l d  i n  th e  CDS. The form o f th e  EDEF a t  
d i f f e r e n t  s ta g e s  i n  th e  CDS h as  been c a lc u la te d - f o r  a  Cathode f a l l  o f
0.2kV, and th e  r e s u l t s  a re  d e p ic te d  in  f i g  4.13* ' The e le c t ro n s
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q u ic k ly  g a in  energy in  th e  re g io n  c lo se  to  th e  cathode a t  sm all p .x ,  
where th e  e l e c t r i c  f i e l d  i s  l a r g e s t .  As some e le c t ro n s  i n  th e  prim ary 
group lo s e  energy through c o l l i s io n s ,  a secondary group form s w ith  
e n e rg ie s  about ~25eV below th a t  o f th e  prim ary group. These in  tu r n  
s u f f e r  c o l l i s io n s  and, a id ed  oy a degree of ' sm earing out* o f th e  h igh  
energy re g io n  o f th e  EDEF caused  by th e  d i f f e r e n t  energy lo s s e s  d u rin g  
c o l l i s io n s ,  a ' t a i l *  of in te rm e d ia te  energy e le c t ro n s  b u ild s  up a s  th e  
'swarm ' approaches th e  CDS/NG boundary. S im u ltaneously , th e  f lu x  o f 
low energy e le c t ro n s  c o n s is t in g  m ainly o f slow secondary e le c t ro n s  
produced i n  io n is in g  c o l l i s i o n s  b u ild s  up. The p resence  of a d i s t i n c t  
group of prim ary e le c tro n s  and a  ' t a i l '  o f h igh  energy e le c tro n s  a t  
th e  CDS/NG boundary has been e s ta b l is h e d  ex p e rim e n ta lly  by G i l l  and 
Webb [24] and, in d e p en d en tly , by P r in g le  and F a rv is  [2 5 ] . In  
com parison, th e  EDEF a t  th e  CDS/NG boundary shown in  f i g  4 .13 ag re e s  
w e ll w ith  th e  EDEF observed  by G i l l  and Webb i n  th e  same re g io n , a s  
shown in  f i g  2 .2 a .
The e v o lu tio n  o f th e  EDEF i n  th e  CDS h as  been c a lc u la te d  f o r  a  
Cathode f a l l  o f 1 .OkV w ith  th e  r e s u l t s  shown in  f i g  4 .1 4 . In  t h i s  
case , e le c tro n s  i n  th e  prim ary group appear to  be a t te n u a te d  to  a 
l e s s e r  degree  by c o l l i s i o n s  th roughou t th e  CDS, and t h i s  i s  due to  a 
more r a p id  i n i t i a l  g a in  in  v e lo c i ty  c lo se  to  th e  cathode- when th e  
e le c t ro n s  q u ic k ly  clim b to  e n e rg ie s  beyond th e  im pact c ro s s - s e c t io n  
maxima around O.IkeV. A secondary group form s a s  th e  p r im a r ie s  
t r a v e r s e  th e  CDS, bu t th e  ' t a i l '  o f in te rm e d ia te  energy e le c tro n s  and 
peak o f low energy e le c t ro n s  a re  both  n o tic e a b ly  a b se n t.
The m otion o f e le c t ro n s  in  th e  CDS h as  been m odelled  f o r  o th e r
in te rm e d ia te  v a lu e s  o f th e  Cathode f a l l  V , and th e  EDEF a t  th e  CDS/NGc
boundary i s  shown in  f i g  4 .15  fo r  se v e ra l v a lu e s  o f V^. I t  i s  c l e a r  
t h a t  th e  p ro p o r tio n  o f h igh  energy e le c tro n s  to  reach  th e  CDS/NG
boundary re g io n  in c re a s e s  a s  th e  Cathode f a l l  i s  r a i s e d .  At a  Cathode 
f a l l  of "I.OkV, th e  EDEF c o n ta in s  e le c t ro n  f lu x  c o n c e n tra te d  m ainly  in  
th e  prim ary group w ith  a  few s l i g h t l y  slow er e le c t ro n s  i n  th e  ' t a i l '  
g roup . At th e  boundary re g io n , th e  p ro p o rtio n  o f e le c t ro n  f lu x  i n  th e  
prim ary group a s  a  f r a c t io n  o f th e  t o t a l  e le c t ro n  f lu x  h a s  been 
c a lc u la te d ,  a s  shown in  r i g  4 .1 6 . Thus, th e  p ro p o r tio n  of p r im a r ie s  
a r r iv in g  a t  th e  CDS/NG boundary in c re a s e s  a s  i s  r a i s e d ,  and th e  
EDEF ap p ea rs  to  c o n ta in  e le c t r o n s  wnich a re  more m ono -en erg e tic , w ith  
e n e rg ie s  co rresp o n d in g  to  th e  Cathode r a i l .
4 . 3 .2  Io n is a t io n  and E x c i ta t io n  R a tes  in  th e  CDS
Once th e  EDEF h as  been c a lc u la te d  a t  a l l  p o in ts  i n  th e  CDS f o r  a 
p a r t i c u la r  v a lu e  o f th e  Cathode f a l l ,  i t  i s  p o s s ib le  to  c a lc u la te  
io n i s a t io n  and e x c i ta t io n  r a t e s  i n  th e  CDS, a s  w e ll as  a  number of 
o th e r  d isc h a rg e  p aram ete rs  w hich can be used to  c h a r a c te r i s e  th e  
d isc h a rg e . These r a t e s  a re  no rm alised  f o r  a  c u r re n t  f lu x  a t  th e  
cathode fa c e  o f one e le c t r o n  p e r second. The m u l t ip l ic a t io n  
c o e f f i c ie n t  MCx) o f  th e  c u r re n t  f lu x  i s  g iv en  by;
M(x) = jg (x )  = ^  (4 .1 5 )
j^ (o )
k=1
T his i s  shown in  f i g  4 .17 fo r  s ix  d i f f e r e n t  v a lu e s  o f th e  Cathode 
f a l l .  E x c e lle n t agreem ent i s  o b ta in e d  between th e  v a lu e s  c a lc u la te d  
from e q ,(4 .1 5 )  f o r  V^=0.15kV and th o se  g iven  by Tran-Ngoc e t - a l  fo r  
th e  same v o lta g e  [2 6 ] . Between V^=0,15kV and 0.4kV, M(x) te n d s  to  
r i s e  more s te e p ly  fo r  l a r g e r  v a lu e s  o f bu t f o r  V^>0.4keV, a
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d i f f e r e n t  t r e n d  i s  p re d ic te d .  For th e se  h ig h e r  v a lu e s  o f Cathode 
f a l l ,  th e  c u r re n t  f lu x  in c re a s e s  a t  th e  same r a t e  i n i t i a l l y  bu t 
tow ards th e  CDS/NG boundary» th e  cu rves f o r  h ig h e r  beg in  to  le v e l  
o f f .  This e f f e c t  can p robab ly  be a t t r ib u t e d  to  th e  few er c o l l i s io n s  
ex p erien ced  by e le c t ro n s  wnich have gained  s u f f i c i e n t  e n e r ^  to  be 
w e ll p a s t th e  im pact c r o s s - s e c t io n  maxima around O.IkeV. The average 
energy E(x) (eV) a t  p o in ts  i n  th e  CDS i s  c a lc u la te d  from  th e  fo llo w in g  
e q u a tio n :
^mox
E(x) = f a  (4 -16)
V ' ^ k )
k=1
The form of E(x) fo r  d i f f e r e n t  v a lu e s  o f i s  shown i n  f i g  4 .1 8 .
Once ag a in , th e  v a lu e s  o f E(x) g iv e n  by Tran-Ngoc e t - a l  fo r  7 ^ = 0 .15kV
ag ree  w e ll w ith  th o se  c a lc u la te d  from e q . ( 4 . l 6 ) .  V alues o f E(x) 
alw ays in c re a s e  w ith  d is ta n c e  p .x ,  peak a t  some d is ta n c e  w e ll in to  th e  
CDS, and th e n  d ec re a se  s l i g h t ly  a s  th e  'swarm ' approaches th e  boundary
re g io n . In  th e  re g io n  w nere E(x) in c re a s e s  w ith  d is ta n c e ,  th e  energy 
ga ined  by th e  ' swarm' from th e  e l e c t r i c  f i e l d  i s  g r e a te r  th a n  t h a t
l o s t  th rough c o l l i s io n s .  A fte r  reac h in g  th e  maximum v a lu e  of E (x ) , 
each curve shows a  downward tre n d  and th e  s i tu a t io n  i s  re v e rs e d . I t  
i s  no ted  t h a t  th e  p o s i t io n  o f th e  peak, a s  a  f r a c t io n  o f th e  CDS 
th ic k n e s s  p .d ^ , s h i f t s  c lo s e r  to  th e  boundary re g io n  a s  V^ i s
in c re a s e d . The v a lu e s  o f E(x) a t  th e  boundary re g io n  (p .x sp .d ^ )  
su p p o rt th e  n o tio n  th a t  th e  e le c tro n  f lu x  a t  th e  boundary becomes more 
m ono-energetic  a s  th e  Cathode f a l l  i s  r a is e d .
The Townsend io n i s a t io n  c o e f f i c ie n t  ( X ^ i x ) / p  (cm“  ^.mb"^ ) i s  
c a lc u la te d  u s in g  th e  fo llo w in g  e x p re ss io n :
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0 ( l (x )  = 1____ . (4.17)
J q(x ,E j^ ) p .ô x
The form of th e  io n i s a t io n  c o e f f i c ie n t  f o r  in c re a s in g  Cathode f a l l  i s  
shown in  f i g  4 .19  wnere a g a in , th e  agreem ent i s  good a t  V^=0.15kV w ith  
v a lu e s  quo ted  by Tran-Ngoc e t - a l .  For each cu rve , th e re  i s  a maximum 
v a lu e  o f (X ^(x )/p  a t  a  c e r t a in  d is ta n c e  in to  th e  CDS and t h i s  peak i s  
seen  a t  a p o s i t io n  p ro g re s s iv e ly  c lo s e r  to  th e  cathode f o r  h ig h e r
v a lu e s  o f V^. In  a d d i t io n ,  th e  peak i s  more pronounced f o r  h ig h e r
v a lu e s  o f Cathode f a l l .  S im ila r  benav iour i s  observed  f o r  th e  t o t a l  
io n  p ro d u c tio n  r a t e  0(.^(x)/p  (cm"^.mb“ ^) and th e  e x c i ta t io n  r a t e
0 (g ^ (x ) /p  (cm” .mb” ) which a re  g iv en  by;
= _ J ___ W ^ 4 o n ^ * '^ ^  (4 .1 8 a )
j_ (0 )  p .5 x
°(_ ..(x )  = 1 (4 .18b )
e
ex
jg (0 )  p .8 x
These two p aram eters  a re  d e p ic te d  i n  f i g  4 .20  and f i g  4 .2 1 . The 
p o s i t io n  o f maximum io n  p ro d u c tio n  in  th e  CDS ap p ea rs  to  s h i f t  from 
th e  CDS/NG boundary wnen V^=0.15kV to  a narrow re g io n  very  c lo se  to  
th e  cathode fa c e  when V^=1.0kV. Ions  g en e ra ted  c lo se  to  th e  cathode 
fa c e  a re  im m ediately  a c c e le ra te d  tow ard th e  cathode fa c e  by th e  
in te n s e  e l e c t r i c  f i e l d  i n  t h i s  re g io n . Thus on c o l l i s io n ,  they 
r e le a s e  more e le c t ro n s  by secondary em ission . Compared w ith  io n s  
g en e ra ted  i n  th e  NG, they a re  l e s s  l i k e ly  to  be l o s t  b e ro re  c o l l id in g  
w ith  th e  cathode th rough  th e  u su a l lo s s  mechanisms o f  d i f f u s io n  o r  
recom bination  w ith  slow e le c tr o n s .  In  a  d isch a rg e  w ith  a  la rg e
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Cathode f a l l ,  such a  re g io n  o f io n  p ro d u c tio n  may be im p o rtan t in  th e  
m aintenance of th e  d isc h a rg e  c u r re n t .  The cu rve  p r o f i l e s  o f 
e x c i ta t io n  r a t e s  shown in  f i g  4.21 a re  s im ila r  to  th o se  of io n i s a t io n ,  
p a r t i c u la r ly  a t  h igh  Cathode f a l l .  More in fo rm a tio n  can be g a in ed , 
however, i f  th e  e x c i ta t io n  p r o f i l e s  a re  subd iv ided  in t o  th e  e x c i ta t io n  
r a t e s  f o r  th e  in d iv id u a l  atom ic l e v e l s  in  helium .
4 . 3 .3  J x c i t a t io n  P r o f i l e s  i n  th e  CDS
S p a tia l  p r o f i l e s  i n  th e  CDS f o r  th e  p ro d u c tio n  r a t e s  o f n in e  
e x c ite d  s t a t e s  o f Hel a r e  shown in  f i g  4 .22 , fo r  a Cathode f a l l  of
0.2kV. Im m ediately nex t to  th e  cathode, th e re  i s  a  re g io n  of w id th
~0.05 mb.cm w here no e x c i ta t io n  o ccu rs . Here, th e  e le c tro n s  moving 
away from th e  cathode have n o t ga ined  energy from th e  E - f ie ld  i n  th e
CDS above th e  e x c i ta t io n  th re s h o ld  p o te n t ia l s .  At about 0.1 mb.cm,
s e v e ra l sharp  peaks ap p ea r p r in c ip a l ly  fo r  th e  p ro d u c tio n  r a t e s  of
t r i p l e t  s t a t e s .  T his re g io n  probab ly  co rresponds to  th e  Cathode
glow. The t r i p l e t  p ro d u c tio n  r a t e s  th e n  f a l l  away w ith  d is ta n c e  from 
th e  cathode, and th e n  r i s e  slow ly  tow ards th e  CDS/NG boundary. The 
cu rves f o r  th e  p ro d u c tio n  o f s in g le t  s t a t e s  g e n e ra lly  do no t have
sharp  peaks n e a r  th e  cathode and do n o t d ip  in  th e  c e n t r a l  p a r t  o f th e
CDS. The p ro d u c tio n  r a t e s  f o r  th e se  same n ine  le v e l s  f o r  a Cathode 
f a l l  of I.OkV a re  shown in  r i g  4 .2 3 . Since th e  E - f ie ld  n ex t to  th e  
cathode i s  th e n  l a r g e r ,  th e  e le c t r o n s  a re  a c c e le ra te d  more r a p id ly  and 
e x c i ta t io n  b eg in s  c lo s e r  to  th e  ca thode . The p ro d u c tio n  r a t e s  f o r  a l l  
le v e l s  a re  seen  to  peak c lo se  to  th e  cathode, a lth o u g h  th e  peaks a re  
a g a in  sh a rp e r  f o r  th e  p ro d u c tio n  o f t r i p l e t  s t a t e s .  In  a l l  c a se s , th e  
p ro d u c tio n  r a t e s  a r e  h ig h e r  i n  th e  re g io n  im m ediately  n ex t to  th e
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cathode th an  a t  th e  CDS/NG boundary.
In  a  glow d is c h a rg e , th e  in t e n s i ty  of th e  em issio n  l i n e s  
o r ig in a t in g  from th o se  le v e l s  shown i n  f i g  4 ,22  and f i g  4 .23 a re  
d i r e c t ly  p ro p o r tio n a l to  th e  p o p u la tio n  o f th e se  l e v e l s ,  and th e re fo re  
to  th e  p ro d u c tio n  r a t e s .  Cascade pumping o f c e r t a in  le v e l s  from
h ig h e r  s t a t e s  i s  im p o rta n t i f  th e re  i s  s ig n i f i c a n t  reco m b in a tio n  i n  
th e  plasm a, a s  shown in  f i g  3 .2 1 . A c a lc u la t io n  o f th e  cascade 
c o n tr ib u tio n s  to  th e  l e v e l s  shown in  f i g  4 .22  from h ig h e r l e v e ls  
(which them selves a r e  pumped by d i r e c t  e le c t ro n  im pact) h a s  n o t been 
c a r r ie d  ou t h e re . However, i f  cascade pumping o f th e se  l e v e l s  i s  
sm all compared w ith  th e  p ro d u c tio n  r a t e s  shown, th e n  good q u a l i t a t i v e  
agreem ent i s  o b ta in e d  w ith  th e  observed em issio n  p r o f i l e s  shown in  
f i g  3 .1 9 . As th e  Cathode f a l l  i s  r a i s e d  to  around I.OkV, i t  i s  
observed  e x p e rim e n ta lly  t h a t  th e  Cathode glow re g io n  becomes more 
prom inent in  com parison w ith  th e  glow in t e n s i ty  a t  th e  CDS/NG 
boundary. Em ission l i n e s  co rrespond ing  to  t r a n s i t i o n s  between t r i p l e t  
s t a t e s  a re  observed  to  be s ig n i f i c a n t ly  more in te n s e  i n  th e  Cathode 
glow th a t  a t  th e  CDS/NG boundary. T h ere fo re , i t  seems l i k e ly  t h a t  th e  
Cathode glow re g io n  i s  g en e ra ted  m ainly  by th e  e le c t ro n  f lu x  from th e  
cathode. I f  th e  p ro d u c tio n  o f  e x c ite d  s p e c ie s  i n  th e  CDS by th e  f lu x  
o f io n s  from th e  NG i s  im p o rta n t, th e  p ro d u c tio n  r a t e s  a re  l i k e ly  to  
be h ig h e s t in  a  re g io n  very  c lo se  to  th e  cathode, where th e  io n s  g a in  
m ost energy from th e  E - f ie ld .
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4 .4  E le c tro n  M otion i n  th e  NG
4 .4 .1  E le c tro n  Energy D is t r ib u t io n  F un c tio n s
The EDEF ex p ec ted  a t  th e  CDS/NG boundary o r a t  th e  s t a r t  o f th e  ii
NG re g io n  h as  been c a lc u la te d  i n  th e  p rev io u s  s e c t io n  f o r  v a lu e s  o f  !
th e  Cathode f a l l  betw een 0 .1 5kV and I.OkV. These a re  used a s  th e  |
s t a r t i n g  EDEF's a t  th e  beg inn ing  o f th e  NG in  th e  same way a s  th e  |
tra p e z o id  d i s t r i b u t i o n  i s  used a t  th e  s t a r t  o f th e  CDS re g io n . The |
boundary re g io n  i s  th e re f o r e  re -d e f in e d  a s  th e  p o in t where x=0. 
C a lc u la t io n s  o f th e  developm ent of th e  EDEF i n  th e  Nu a re  s im p lif ie d  
s in c e  th e  E - f ie ld  i s  assumed to  be z e ro , and f lu x  r e d i s t r i b u t i o n  
between energy c e l l s  i n  th e  EDEF i s  c a lc u la te d  p u re ly  from th e  
c o l l i s i o n  lo s s e s .  The e v o lu tio n  o f th e  EDEF i n  th e  NG has been 
c a lc u la te d  f o r  te n  d i f f e r e n t  v a lu e s  o f V^ between 0.15kV and I.OkV.
I t  has been found th a t  by s e t t in g  th e  s la b  w id th  Ôx equal to  one 
te n th  of th e  mean f r e e  p a th  co rrespond ing  to  c e l l  E ^ ^
( * com putation  tim es  became e x c e ss iv e  to  ach iev e  a  f i n a l
s t a t e  whereby a l l  c e l l s  have a f lu x  d e n s ity  l e s s  th a n  10~^. To 
overcome t h i s  problem , a t  a  d is ta n c e  in to  th e  NG when th e  t o t a l  
io n i s a t io n  r a t e  i s  found to  have decayed to  a  v a lu e  l e s s  th a n  2.% o f 
th e  maximum v a lu e , Sx i s  in c re a se d  by a f a c to r  o f te n  to  equal
The developm ent o f th e  EDEF i n  th e  NG f o r  V^=0.2kV i s  d e p ic te d  i n  
f i g  4 .2 4 . I t  i s  e v id e n t t h a t  e le c t r o n  f lu x  from th e  prim ary group and 
' t a i l '  group o f c e l l s  decay a t  about th e  same r a t e .  Only th e  low 
energy c e l l s  around 30eV g a in  f lu x .  This i s  because th e  im pact
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c ro s s - s e c t io n s  f o r  e le c tro n s  w ith  e n e rg ie s  between "O.IkeV and "0.2keV 
a re  roughly  th e  same. More i n t e r e s t in g  oehaviour i s  p re d ic te d  f o r  th e  
developm ent o f th e  EDEF when th e  Cathode r a i l  i s  l.OkV a s  shown in  
f i g  4 .2 5 . At th e  boundary re g io n  when p.x=Q, th e  EDEF c o n ta in s  f lu x  
p r in c ip a l ly  in  th e  prim ary component w ith  a  sm all ' t a i l '  component. 
F u r th e r  in to  th e  NG, t h i s  prim ary component lo s e s  f lu x  to  low er energy 
c e l l s  i n  th e  ' t a i l '  group to  g e n e ra te  a b ro ad er secondary peak about 
25eV below th a t  o f th e  p rim ary . F u rth e r  peaks a re  observed  a t  y e t  
low er e n e rg ie s  (s e p a ra te d  by "25eV ), bu t th e se  tend  to  merge to g e th e r  
to  produce a  broad hump i n  th e  EDEF which s h i f t s  tow ard low er energy , 
w h ils t  a t  th e  same tim e broaden ing , a s  th e  ' swarm' p e n e t r a te s  f u r th e r  
in to  th e  NG.
For a depth  f a c to r  (p .x )  o f 5 .0  mb.cm, th e  EDEF i s  rem arkably  
s im i la r  to  th e  EDEF m easured in  th e  NG ex p e rim en ta lly  by 
Yu e t - a l  [2 7 ] , and th e  two d i s t r i b u t io n s  a re  shown in  f i g  4 .26 fo r  
com parison. The s i m i l a r i t i e s  a re  d isc u sse d  f u r th e r  in  s e c t io n  4 .4 .3 .
4 .4 .2  Io n is a t io n  and E x c i ta t io n  R ates in  th e  Nu
The p ro d u c tio n  r a t e s  o f io n s  and e x c i te d  atoms in  th e  NG re g io n  
can be c a lc u la te d  u s in g  th e  e x p re s s io n s  a p p l ic a b le  to  th e  CDS 
(e q .4 .1 8 )  w ith  th e  low er l i m i t  o f th e  sum r e s e t  to  count from k=25. 
The r e s p e c t iv e  p ro d u c tio n  r a t e s  a re  shown in  f i g  4 .27 and f o r  a g iv en  
v a lu e  of th e  Cathode f a l l ,  both  r a t e s  show s im i la r  behav iour w ith  
in c re a s in g  d is ta n c e  p .x . However, th e  io n i s a t io n  r a t e s  ( f i g  4 .27a) 
decay s l ig h t ly  more r a p id ly  w ith  d is ta n c e  th a n  do th e  e x c i ta t io n  r a t e s  
( f i g  4 .2 7 b ). For low v a lu e s  o f V^, io n i s a t io n  and e x c i ta t io n  appear 
to  be confined  to  a re g io n  d o s e  to  th e  cathode . These cu rv es  peak a t
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th e  CDS/NG boundary a t  p.x=0 and decay w ith in  a  d is ta n c e  o f a few 
mb. cm. As th e  Cathode f a l l  i s  r a i s e d ,  th e  curve p r o f i l e s  ex tend  to  
l a r g e r  v a lu e s  o f p .x  w ith  a p la te a u  re g io n  form ing over th e  i n i t i a l  
s ta g e s  o f th e  developm ent o f th e  'swarm*. For V^=1.0kV, both  r a t e s  
a c tu a l ly  in c re a s e  s l i g h t ly  w ith  d is ta n c e  over th e  i n i t i a l  p la te a u  
re g io n  and e x h ib i t  a  sm all maximum a t  about 10 mb. cm. A fte r  t h i s  
p o in t ,  both  r a t e s  decay to  approach th e  x - a x is  a sy m p to tic a lly . Thus, 
th e  c h a ra c te r  of th e  NG changes a s  i s  in c re a s e d . For a  low Cathode 
f a l l ,  io n i s a t io n  and e x c i ta t io n  a re  c e n tre d  m ainly a t  th e  CDS/NG 
boundary. As i s  r a is e d ,  th e  p ro d u c tio n  r a t e s  become more uniform ly  
sp read  w ith  only a  sm all maximum lo c a te d  w e ll in to  th e  NG.
A p la te a u  re g io n  in  io n  p ro d u c tio n  fo r  V^=1.0kV le a d in g  to  a
re g io n  i n  th e  NG w ith  a uniform  io n i s a t io n  r a t e  i s  a  u se fu l p ro p e rty
o f th e  h igh  v o lta g e  glow d isch a rg e  in  nelium . I t  i s  l i k e l y  to  be a t  
l e a s t  p a r t ly  re s p o n s ib le  f o r  th e  improved e f f i c i e n c i e s  ach ieved  w ith  
lo n g i tu d in a l ly  pumped e-beam l a s e r s  ( f i g  1.11) L28]. A re g io n  w ith  
more uniform  io n i s a t io n  can be env isaged  u s in g  two ca th o d es  s e t  to
io n is e  th e  same re g io n  o f gas a s  shown i n  f i g  4 .2 7 a  ( i n s e t ) .  This
ty p e  of geom etry i s  in v e s t ig a te d  f u r th e r  in  C hapter 5 .
4 .4 .3  E le c tro n  Ranges and th e  L enstn  o f th e  NG
I t  i s  d i f f i c u l t  to  a s s ig n  p re c is e  v a lu e s  to  th e  o v e ra l l  le n g th  of 
th e  Nu owing to  th e  a sy m p to tic  behav iour of th e  io n i s a t io n  and 
e x c i ta t io n  r a t e s  a s  they  approach th e  x - a x is .  T his i s  borne ou t by 
exp erim en ta l o b se rv a tio n s  w here th e  NG/FDS boundary norm ally  ap p ears  
very  d i f f u s e .  C u t-o ff  p o in ts  may be a ss ig n e d  to  th e  cu rv es  i n  
f i g  4.27 u s in g  v a r io u s  c r i t e r i a ,  bu t a re  c a lc u la te d  h e re  from th e
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g ra d ie n t  o f th e  curve a t  i t s  i n f l e c t i o n  p o in t on th e  f i n a l  downward
tr e n d .  The p o in t a t  which th e  g ra d ie n t in t e r c e p t s  th e  x -a x is  i s  th e
'e x tr a p o la te d  ra n g e ' (cm) [2 9 ] . These ran g es  a re  th e re fo re
c a lc u la te d  assum ing an  o r ig in  (x=0) a t  tn e  CDS/NG boundary. The
in t e r c e p t  p o in ts  have been determ ined  f o r  v a lu e s  o f  between 0 .1 5kV
and I.OkV and a r e  shown in  f i g  4 .2 8 . The ran g es  a r e  p ro p o r tio n a l to
th e  gas te m p era tu re  T (K) a s  a  m u ltip le  of th e  a b so lu te  te m p era tu re
Tg=273K , and to  th e  r e c ip ro c a l  of th e  gas p re s s u re . T h ere fo re , th e
o rd in a te  i s  s c a le d  a s  X . p .(m b .c m .K ” ^ ) .  The ran g es  c a lc u la te d  from
° T
th e  io n i s a t io n  cu rv es  can be f i t t e d  to  a sim ple power law ;
X ^(i) = T. q V^ (4 .1 9 a )
P
where r= l,5 4 8  , q=8.409.10”^ and V^ i s  in  kV.
The ran g es  X^(ex) c a lc u la te d  from  th e  e x c i ta t io n  cu rv es  a re  s l ig h t ly  
la r g e r ,  p a r t i c u la r ly  a t  low V^, and can be f i t t e d  to  th e  fo llo w in g  
ex p re ss io n ;
X (ex) = %. q(Vg + sV^ + t )  (4 .19b)
° P
where 3=8 . 89 . 10~^ and t= 3 -4 2 .10”^
There have oeen a number o f o th e r  s tu d ie s  o f e le c t ro n  ran g es  i n  th e  NG 
of a  helium  d isc h a rg e  a t  a  few mb w ith  Cathode f a l l s  up to  1-2kV. 
These a r e  in v a r ia b ly  m easurem ents o f th e  t o t a l  le n g th  of th e  NG and 
u su a lly  have wide e r r o r  m argins owing to  th e  d i f fu s e  n a tu re  o f th e  
NG/PDS boundary. Brewer and W esthaver r e p o r t  "m easurem ents o f th e  
le n g th  o f th e  NG in  helium  w ith  Cathode r a i l s  i n  th e  range 0 .2-1 .0kV  
based on s p e c tro sc o p ic  e s t im a te s  [ 30] .  T h eir d a ta  i s  shown in  
f i g  4 .29  to g e th e r  w ith  cu rv es  c a lc u la te d  from eq .4 .1 9  f o r  T=300K. No
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m ention i s  made in  t h i s  study  o f gas h e a tin g  oy th e  d isch a rg e  c u r re n t 
and i t  i s  u n c le a r  w hether th e  gas p re s s u re s  have been c o r re c te d  f o r  
h e a tin g  e f f e c t s .  Gas h e a t in g  e f f e c t iv e ly  red u ces  th e  gas d e n s ity  and 
le a d s  to  l a r g e r  e le c t r o n  ra n g e s . They conclude th a t  th e  le n g tn  o f th e  
NG i s  determ ined  e s s e n t i a l l y  by th e  ran g es  o f  th e  f a s t e s t  e le c tro n s  a t  
th e  CDS/NG boundary, namely, th o se  e le c t ro n s  w ith  e n e rg ie s  
co rrespond ing  to  th e  Cathode f a l l .  Lehmann c a lc u la te d  e le c t r o n  ran g es  
based on m easurem ents o f c u r re n t  flow  in  an io n i s a t io n  chamber 
c o n ta in in g  helium  a t  0 ,1-4 .0m b [3 1 ] . Brewer and W esthaver observe 
c lo se  agreem ent between t h e i r  d a ta  and th o se  of Lehmann a lth o u g h  no 
m ention i s  made of th e  e r r o r s  i n  measurement o f in d iv id u a l  range 
e s t im a te s ,  which a re  presum ably s ig n i f i c a n t  owing to  th e  d if fu s e  
NG/FDS boundary. Woolsey e t - a l  in v e s t ig a te d  e le c t r o n  ran g es  in  a 
helium  NG a t  0 .7-4 .0m b u s in g  a m agnetic le n s  arrangem ent p laced  around 
th e  NG [ 32] .  They conclude th a t  th e  ran g es  may be s l i g h t ly  s h o r te r  
th a n  th e  v is u a l  le n g th  o f th e  NG by a f a c to r  of up to  1 /3  under some 
c o n d itio n s . Using e q .4 .1 9 , t h i s  i s  p re d ic te d  to  be th e  case f o r  low 
v a lu e s  o f Cathode f a l l  when th e  r a t i o  X ^(i)/X ^(ex ) i s  equal to  0 .6  fo r  
Vg=0.15kV and 0 .7  fo r  0.2kV. In  s e c t io n  4 .4 .1 ,  good agreem ent h as  
been found between th e  c a lc u la te d  EDEF p r o f i l e  in  th e  NG f o r  V^=1.0kV 
a t  a  d is ta n c e  p .x  = S.Omb.cm and th e  ex p erim en ta l p r o f i l e  r e p o r te d  by 
Yu e t - a l  [ 27] .  The l a t t e r  EDEF h a s  been reco rd ed  a t  a sample p o in t 
17 cm from th e  cathode fa c e  w ith  p=1.07mb co rresp o n d in g  to  an ap p aren t 
d is ta n c e  of p.x=18.2m b.cm . To make a  v a l id  com parison between th e  two 
EDEF's, th e  ex p erim en ta l ran g es  must be c o r re c te d  f o r  gas tem p era tu re  
v a r ia t io n s  in  th e  d isc h a rg e  which have no t been re p o r te d  by Yu e t - a l .  
In  t h i s  case , they a re  l i k e ly  to  be s ig n i f i c a n t  s in c e  th e  cathode used 
i s  concave to  fo c u s  th e  e le c t r o n  f lu x  in t o  a narrow beam, and th e  
d isch a rg e  i s  run  a t  300mA. An average tem p era tu re  of 90OK n ecessa ry
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to  b r in g  th e  two ran g es  in to  agreem ent does n o t seem u n reaso n ab le  fo r  
such d isch a rg e  c o n d itio n s .
4 .5  E ff ic ie n c y  o f Ion P ro d u c tio n  in  a  Helium D ischarge
E le c tro n / io n  p a i r s  a re  g en e ra ted  i n  th e  NG by th e  e-beam f lu x
from th e  cathode which can th e re fo re  be ta k en  a s  a source term  
-1S C ions.s  ) fo r  io n i s a t io n .  Ions  a re  l o s t  from th e  NG by a number of 
mechanisms and th e  r a t e  o f change of io n  d e n s ity  n^ w ith  tim e can be 
ex p ressed  a s :
dn. = + S -  ( “D .V ^ n . + (X n .n  + A n  n. + to  cathode) (4 .2 0 ) 1 i  1 r i e  ' c t m i
d t I---------------- l o s s  te rm s----------------------------------- 1
The r a t e  of change i s  norm ally  z e ro  re p re s e n t in g  a  s t a t e  o f s ta b le  
e q u ilib r iu m , and th e  source  term  i s  th e n  e x a c tly  balanced  oy th e  l o s s  
te rm s. The f i r s t  l o s s  term  re p re s e n ts  th e  r a t e  of d i f f u s io n  of io n s  
which i s  alw ays in  a  d i r e c t io n  o f d e c re a s in g  io n  d e n s ity ,  p ro p o r tio n a l 
to  th e  d e n s ity  g ra d ie n t  and to  th e  io n  d i f f u s io n  c o e f f i c ie n t  D^. 
Volume reco m b in a tio n  i s  re o re se n te d  by th e  second term , where th e  
c o e f f i c ie n t  encom passes r a d ia t iv e ,  d ie le c t r o n ic ,  and c o l l i s io n a l ly  
a s s i s te d  reco m b in a tio n . The reco m b in a tio n  r a t e  i s  p ro p o r tio n a l to  
both  th e  io n  d e n s ity  n^ and th e  d e n s ity  o f slow e le c tro n s  n^ , and 
recom bination  a t  th e  v e s s e l  w a lls  i s  of cou rse  th e  f i n a l  s ta g e  of th e  
d i f f u s io n  p ro c e ss . S t r i c t l y  speak ing , th e  t h i r d  term , r e p re s e n t in g  
lo s s  through asym m etric charge t r a n s f e r ,  i s  n o t a  lo s s  term  f o r  io n s , 
bu t on ly  fo r  nelium  io n s . I t  i s  dependent on th e  d e n s ity  of m etal 
atoms n^, and on th e  charge t r a n s f e r  c o e f f i c ie n t  T his t h i r d
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terra i s  th e  most im p o rtan t w ith  reg a rd  to  g e n e ra tin g  l a s e r  a c t io n  frcm  
a m etal vapour, and i t s  p o s s ib le  enhancement in  r e l a t i o n  to  th e  o th e r  
l o s s  term s must th e re f o r e  be examined c a r e f u l ly .  The fo u r th  term  
re p re s e n ts  th e  io n  f lu x  tow ard th e  cathode wnich i s  n ece ssa ry  to  
m a in ta in  th e  d isch a rg e  c u r re n t .
For a  d isc h a rg e  to  a c t  a s  io n  source  i n  a  charge t r a n s f e r  l a s e r ,
th e  th i r d  term  in  e q ,4 .2 0  must be op tim ised  and th e  o th e r  lo s s  term s
reduced  a s  f a r  a s  p o s s ib le ,  so th a t  helium  io n s  a re  used to  g e n e ra te  
+*M io n s . The m etal d e n s ity  n^ may be r a is e d  i n i t i a l l y ,  bu t canno t be 
in c re a se d  in d e f i n i t e ly  w ith o u t a f f e c t in g  th e  s t a b i l i t y  o f th e  
d isc h a rg e . This i s  due to  th e  low io n is a t io n  p o te n t ia l  of th e  m etal 
atoms compared w ith  helium . A lte rn a t iv e ly ,  a h igh  io n  d e n s ity  n^ i s  
r e q u ire d , bu t t h i s  a ls o  enhances th e  o th e r  lo s s  r a t e s  u n le ss  s te p s  a re  
ta k en  to  reduce them in d iv id u a l ly .  D iffu s io n  can be in h ib i te d  to  some 
e x te n t  by ap p ly in g  a  lo n g i tu d in a l  m agnetic f i e l d  around th e  d isch a rg e  
v e s s e l  to  keep th e  plasm a away frcm th e  v e s s e l  w a lls ,  r e s u l t in g  i n  a 
l a r g e r  io n  d e n s ity  g ra d ie n t .  Such a scheme has a lre a d y  been d isc u sse d  
i n  C hapter 1. For a f ix e d  sou rce  term , lo s s e s  to  th e  cathode may be 
reduced  by u sin g  a  cathode w ith  a la rg e  c o e f f i c ie n t  f o r  secondary 
em ission . In  t h i s  c a se , few er io n s  a re  needed to  m a in ta in  th e  o v e ra l l  
d isch a rg e  c u r re n t .  D if fu s io n  and reco m b in a tio n  lo s s e s  in  a helium  
d isch a rg e  have been d isc u sse d  by P ersson  [20] and Franck [33]• 
Yu e t - a l  have examined th e  ba lance  between charge t r a n s f e r  lo s s e s  and 
reco m b in a tio n  lo s s e s  in  a Helium/M ercury l a s e r  f o r  bo th  tra n s v e rs e  and 
lo n g i tu d in a l  e-beam g e n e ra te d  plasm as [1 4 ].
L i t t l e  a t t e n t i o n  h as  been pa id  to  th e  source  term  S, to  a s c e r t a in  
w hether io n s  m^y be g e n e ra te d  more e f f i c i e n t l y  under c e r t a in  d isch a rg e  
c o n d itio n s . T his o v e r a l l  e f f ic ie n c y  i s  im p o rtan t because low 
io n i s a t io n  e f f i c i e n c i e s  r e s u l t  in  l a r g e r  in p u t power l e v e l s  to
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m a in ta in  th e  n ecessary  io n i s a t io n  r a t e  S, and unwanted h e a t  p ro d u c tio n  
i n  th e  v e s s e l .  The source  r a t e  i s  c le a r ly  d i r e c t l y  p ro p o r tio n a l to  
th e  e le c t ro n  f lu x ,  b u t n o t n e c e s s a r i ly  to  th e  e le c tro n  energy . I f  a 
s in g le  e le c t ro n  w ith  energy i s  id e n t i f i e d  a t  th e  CDS/NG boundary, 
and fo llow ed  th rough  th e  NG, th e  t o t a l  number o f io n s  g e n e ra te d  N^ 
d u rin g  i t s  l i f e t im e  and by se c o n d a rie s  in  th e  cascade can be 
c a lc u la te d .  The q u a n t i ty  E /^N^  ^ th e re fo re  r e p re s e n ts  th e  average 
energy W(E^) re q u ire d  to  g e n e ra te  an io n /e le c t r o n  p a i r  and i s  g iv en  
by;
-1
W(E') = E^/N^ = e;
a l l x  / l i m a x
(4 .2 1 )
where x=0 i s  d e fin e d  a s  th e  CDS/NG boundary. The form of W(E^) fo r  
in c re a s in g  E^ i s  shown in  f i g  4 .30 to g e th e r  w ith  th e  r e s u l t s  o f M ille r  
[7 J . I t  i s  seen  th a t  th e  energy sp en t in  g e n e ra tin g  an  io n /e le c t r o n  
p a i r  f a l l s  w ith  in c re a s in g  energy E^. The e f f ic ie n c y  of io n i s a t io n  i s  
d e fin e d  a s  I^/W (e |^) and i s  shown in  f i g  4 .3 1 . This q u a n ti ty  i s  n o t to  
be confused w ith  th e  io n i s a t io n  e f f ic ie n c y  which i s  d e fin e d  sim ply in  
term s of uhe io n i s a t io n  c r o s s - s e c t io n  o f th e  gas [193. Thus, io n s  a re  
more e f f i c i e n t l y  g en e ra ted  by e le c tro n s  w ith  e n e rg ie s  above IkeV.
In  a r e a l  d is c h a rg e , e le c t r o n s  a t  th e  CDS/NG boundary have a 
range o f e n e rg ie s .  For an i n i t i a l  f lu x  o f N e le c t ro n s  p e r second 
le a v in g  th e  cathode in  a d isc h a rg e  w ith  a Cathode f a l l  o f V^, th e  
d isch a rg e  c u r re n t  may be determ ined from th e  s iz e  o f th e  
m u l t ip l ic a t io n  c o e f f i c ie n t  a t  th e  boundary M (d^), where i t  i s  a 
re a so n a b le  approx im ation  to  assume th a t  th e  d isch a rg e  c u r re n t  i s  
c a r r ie d  p r in c ip a l ly  by th e  e le c t ro n  f lu x .  Thus, th e  power in to  th e  
d isch a rg e  i s  g iv e n  by P = V^.N.e.M (d^) (W a tts ) . The number of 
e le c t r o n / io n  p a i r s  g e n e ra te d  by t h i s  e le c t ro n  f lu x  can be c a lc u la te d
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from th e  io n i s a t io n  r a t e s  g iv e n  in  f i g  4 .20 and f i g  4 .2 7 a . The number 
of io n s  g en e ra ted  p e r W att of in p u t power, and th e re fo re  th e  io n  
p ro d u c tio n  r a t e ,  i s  g iv en  by;
W (V ) = N Ip  X ( a .  ( x ) /p ) & )  (4 .22 )1 e  \  x=U ________ /
V^.N.e.M (d^)
where x=0 i s  d e fin e d  from th e  cathode fa c e .
T his i s  shown in  f i g  4 .32  which g iv e s  th e  s e p a ra te  c o n tr ib u t io n s  from 
io n  p ro d u c tio n  i n  th e  CDS and from th e  NG. I t  i s  shown t h a t  io n  
p ro d u c tio n  r a t e  in  th e  CDS and NG a re  roughly  equal fo r  a  ' normal ' 
d isch a rg e  w ith  a Cathode f a l l  of 150V. For a d isch a rg e  o p e ra tin g  w e ll 
in to  th e  'ab n o rm al' regim e w ith  a  h ig h e r  Cathode f a l l ,  th e  m a jo rity  o f 
th e  io n s  in  th e  d isc h a rg e  a r e  g en e ra ted  in  th e  NG re g io n . I t  i s  
concluded th a t  io n s  a re  g en e ra ted  more e f f i c i e n t l y  fo r  h ig h e r  v a lu e s  
o f th e  Cathode f a l l  and in d e ed , th e  curve o f W^(V^) i s  s t i l l  r i s in g  
fo r  th e  l a r g e s t  v a lu e  of V^ in v e s t ig a te d .  T his i s  an im p o rtan t 
r e s u l t ,  and in c re a s e d  e f f ic ie n c y  fo r  th e  p ro d u c tio n  of ground s t a t e  
helium  io n s  i s  p robab ly  one of th e  rea so n s  why h igh  v o lta g e  BCD's show 
improved la s in g  c h a r a c t e r i s t i c s  over o rd in a ry  hollow cathode d e v ic e s . 
T here fo re , e-beam plasm as a r e  p a r t i c u la r ly  w e ll s u i te d  f o r  m etal 
vapour/he lium  l a s e r s  i n  w hich dtiarge t r a n s f e r  i s  th e  p r in c ip a l  pumping 
mechanism.
102
4 .6  Plasma P ro cesse s  i n  a  P e rfo ra te d  Cathode
The in c re a s e  of th e  c u r re n t d e n s ity  g en e ra ted  by an e-gun cathode 
compared w ith  th a t  produced by a  p lane cathode im p lie s  t h a t  th e  
secondary em ission  p ro c e sse s  a t  th e  cathode a re  more e f f i c i e n t  in  th e  
e-beam d isc h a rg e . The expected  p e r tu rb a t io n  o f th e  e q u ip o te n t ia ls  in  
th e  CDS around th e  h o le  a p e r tu re  o f an e-gun  cathode i s  shown 
f i g  3 .16b , The s e p a ra t io n  o f th e  e q u ip o te n t ia ls  i n  th e  c a v ity  a re  
l a r g e r  th an  a t  th e  cathode fa c e ,  so th e  e l e c t r i c  f i e l d s  in  th e  c a v ity  
a re  low er th an  a t  th e  cathode fa c e . Those e q u ip o te n t ia ls  which mark 
th e  e x te n t of th e  Cathode glow reg io n  a re  shown sc h e m a tic a lly  in  
f i g  4 .3 3 . The in t e r n a l  glow in  th e  c a v ity  may th e re fo re  re p re s e n t  an 
ex tended  re g io n  of Cathode glow, in  agreem ent w ith  v is u a l  o b se rv a tio n s  
o f t h i s  in t e r n a l  glow. The p r o p e r t ie s  of th e  in t e r n a l  Cathode glow 
a re  th e re fo re  l i k e ly  to  be s im i la r  to  th o se  of uhe e x te rn a l Cathode 
glow. S p ec ies  g en e ra ted  i n  th e  Cathode glow a t  th e  cathode ra c e  a re  
th e re fo re  expec ted  to  be produced to  some e x te n t by th e  same 
mechanisms in  th e  in t e r n a l  glow. Such s p e c ie s  a re  th e n  trap p e d  by th e  
c a v i ty .  Compared w ith  th o se  g en e ra ted  i n  th e  e x te rn a l Cathode glow, 
they a re  l e s s  l i k e ly  to  be l o s t  v i a  d if fu s io n ,  and have a h ig h e r  
p ro b a b il i ty  of s t r ik i n g  th e  cathode to  r e le a s e  more secondary
e le c t ro n s .  This i s  p a r t ly  th e  b a s is  f o r  th e  'ho llow  cathode e f f e c t '
a s  d iscu ssed  by F ra n c is  [113.
The p ro d u c tio n  o f e x c i te d  s p e c ie s  i n  th e  Cathode glow of a  p lane 
cathode i s  c a lc u la te d  to  become more im p o rtan t a s  i s  r a i s e d ,  as  
shown in  f i g  4 .2 3 . Such s p e c ie s  when g en e ra ted  i n  th e  in te r n a l
Cathode glow o f an e-beam d isc h a rg e  em it UV photons . a s  they  decay
which can r e le a s e  secondary e le c t ro n s  from th e  cathode w a lls .  Ion  and 
m e ta s ta b le  p ro d u c tio n  in  th e  Cathode glow of a p lane cathode a ls o
103
become more im p o rtan t a s  i s  r a is e d ,  a s  shown in  f i g  4 .3 4 . I f
g en era ted  i n  th e  in t e r n a l  Cathode glow, they  a re  a ls o  tra p p e d  by th e  
c a v ity .
An in c re a s e  o f th e  e f f e c t iv e  secondary e le c tro n  em issio n  
c o e f f i c ie n t  f o r  p ro c e sse s  i n  th e  h o le  c a v ity  can a ls o  be a t t r i b u t e d  
th e  m otion o f p a r t i c l e s  norm ally  in c id e n t on th e  cathode f a c e .  I f  
th e se  p a r t i c l e s  p ass  in to  th e  c a v i ty ,  they a re  l i k e ly  to  make g la n c in g  
an g le  im pacts  a t  th e  cathode w a lls ,  and i t  i s  known th a t  th e  
c o e f f i c ie n t  f o r  such im p ac ts  i s  l a r g e r  than  f o r  c o l l i s io n s  a t  normal 
in c id en ce  [3 4 ] . The f lu x  o f p a r t i c l e s  in c id e n t  on th e  cathode fa c e  
have been examined by D avis and V an d ers lic e  u s in g  an e l e c t r o s t a t i c  
energy a n a ly se r  and a m agnetic  mass a n a ly se r , sam pling s p e c ie s  th rough  
a p in h o le  in  th e  cathode [2 3 ] . They dem onstra te  t h a t  th e  energy 
d i s t r i b u t io n  o f r a r e  gas  io n s  p re se n t a t  th e  cathode fa c e  i s  in  c lo se  
agreem ent w ith  a sim ple th e o r e t i c a l  model of io n  m otion in  th e  CDS. 
T his model assumes t h a t  io n s  o r ig in a te  in  th e  NG, and p ro g re s s  th rough  
th e  CDS w ith  t h e i r  m otion determ ined  by a  la rg e  number of sym m etric 
charge t r a n s f e r  c o l l i s i o n s  o f th e  ty p e :
>  «"fast + (4.23)
Few io n s  a re  found to  reach  th e  cathode w ith  e n e rg ie s  com parable w ith  
eVg. As i s  in c re a s e d , however, and p .d ^  d e c re a se s  s l i g h t ly ,  h ig h e r  
io n  e n e rg ie s  a re  d e te c te d  a t  th e  cathode, and a l a r g e r  p ro p o rtio n  have 
e n e rg ie s  c lo se  to  eV^. I t  i s  a ls o  suggested  t h a t  io n ic  s p e c ie s  such 
a s  He’^**' and He^ p ass  th rough  th e  CDS w ith o u t s u f f e r in g  m u l t ip le  charge 
t r a n s f e r  c o l l i s io n s ,  and a re  observed a t  th e  cathode w ith  e n e rg ie s  
c lo se  to  eVg. The p resen ce  o f r e l a t iv e ly  la rg e  numbers o f He^ io n s ,  
w ith  e n e rg ie s  much l e s s  th a n  eV^, have been observed  a ls o  by D avis and
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V anderslice , They suggest th a t  they a re  generated  in  a reg ion  very 
clo se  to  th e  cathode by th e  p rocess;
He* + He >  He^ + e (4 .24 )
*w here He i s  a  m e ta s ta b le  s t a t e .
T his o b se rv a tio n  t i e s  i n  w e ll w ith  th e  c a lc u la te d  peak o f th e  
m e ta s ta b le  p ro d u c tio n  r a t e  shown in  r i g  4 .3 4 . T h ere fo re , such io n s  
may be produced i n  th e  i n t e r n a l  Cathode glow a ls o .
In  summary, secondary em ission  p ro cesse s  a re  more e f f i c i e n t  f o r  
e-gun ca th o d es th a n  f o r  p lan e  ca th o d es . T his may be due to  th e  
fo llo w in g  p ro c e s se s ;
1. The p ro d u c tio n  o f s p e c ie s  such as He*, He* (m e ta s ta b le ) . He*,
*and He (g iv in g  UV photons) o ccu rs  i n  an ex tended  Cathode glow 
re g io n  in s id e  th e  cathode c a v i ty .  Such s p e c ie s  a re  trap p e d  w ith in  
th e  c a v ity  and e v e n tu a lly  c o l l id e  w ith  th e  cathode w a lls  to  r e le a s e  
secondary e le c tro n s .
2 . F a s t io n s  (He*. He*, and He**) frcmi th e  NG p ass  in to  th e  cathode 
c a v ity  and r e le a s e  secondary e le c tro n s  by g la n c in g  an g le  im pacts  
w ith  th e  cathode w a lls .  Such im pacts have h ig h e r  c o e f f i c ie n t s  
th a n  do im pacts  a t  normal in c id e n c e .
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Fig 4 .1 a . An id e a l i s e d  glow d isch a rg e  between i n f i n i t e  
e le c tro d e s  w ith  d is ta n c e  X (cm) measured from th e  ca thode .
X=0
F ig  4 .1 b . The S tra g g lin g  e f f e c t  of th e  e le c tro n  t r a j e c to r y  in  a 
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Fig 4 .2 . The s e t  of i n e l a s t i c  c o l l i s io n  c ro s s - s e c t io n s  fo r  
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F ig 4 .3 a . The d i s t r i b u t io n  in  energy of th e  s c a t te r e d  e le c t ro n s  
produced in  io n is in g  c o l l i s io n s  from a prim ary e le c t ro n  w ith  
energy lOOeV. The in d iv id u a l  p ro b a b il i ty  d i s t r i b u t io n s  f o r  th e  
prim ary and secondary e le c tro n s , which a re  added to  g ive  th e  
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Fig 4 .3 b . The d i s t r i b u t io n  in  energy of s c a t te r e d  e le c tro n s  









Fig  4 .4 . The average t o t a l  energy l o s t  in  an io n is in g  c o l l i s io n ,  
as a fu n c tio n  of prim ary energy E.
60
E = 100 eV









Fig 4 .5 . The f r a c t io n  K(E) o f e le c tro n s  in  th e  secondary energy 
d i s t r i b u t io n  (shewn in s e t )  g e n e ra te d  w ith  e n e rg ie s  g r e a te r  than  
I q. and th e  f r a c t io n  p(S) o f secondary e le c tro n s  d e riv ed  from 
an i n i t i a l  e le c tro n  w ith  energy E which subsequen tly  g e n e ra te  






E L E C T R O N  E N E R G Y  ( k e V )
Fi g 4 .6 .  The l o s s  fu n c tio n  L(E) a s  a fu n c tio n  of e le c tro n  energy 
E.
6  X — 1^ —
i
^  L (x4-5x ,E)
Fig 4 .7 . The passage of a f lu x  o f e le c tro n s  jg (x ,E )  through a 
s la b  of gaseous m a te r ia l  o f w id th  5x and d e n s ity  % (cm "^).
Fig 4 ,8 . The con tin u o u s e le c t ro n  energy d i s t r i b u t io n  fu n c tio n  
jg (x ,E ) i s  d iv id ed  in to  a  s e r i e s  of s e p a ra te  energy c e l l s  w ith  
s e p a ra t io n  6 e . C ell p o p u la tio n s  a re  d e sc rib e d  by energy 
d i s t r i b u t io n  fu n c tio n  j g ( x , E ^).
6^(6)
Em=1 2 3 4  5 6 7 - I .
Fig 4 .9 . The secondary energy d i s t r i b u t io n  fu n c tio n  0^(6) i s  
d iv id ed  in to  a number of s e p a ra te  energy c e l l s ,  w ith  c e l l  







Fig  4 .10 . The cascade of e le c tro n  f lu x  from  a c e l l  (k) in  th e  
d i s t r i b u t io n  fu n c tio n  jg (x ,E ^ )  to  c e l l s  of low er energy and 





F ig  4 .1 1 . The assumed e l e c t r i c  f i e l d  d i s t r i b u t io n s  in  th e  
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Fig 4 .1 2 . The i n i t i a l  tra p e z o id  shaped energy d i s t r i b u t io n  
fu n c tio n  d e fin e d  a t  th e  ca thode . I t  c o n ta in s  te n  u n i t s  of 
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Fig  4 .13 . The developm ent of th e  e le c tro n  energy d i s t r i b u t io n  










Fig 4 .1 4 . The developm ent of th e  e le c tro n  energy d i s t r i b u t io n  










Fig 4 .15 . The e le c t r o n  energy d i s t r i b u t io n  fu n c tio n  a t  th e  
Cathode dark sp ace /N eg a tiv e  glow boundary, fo r  d i f f e r e n t  v a lu e s  
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F ig  4 .1 6 . The f r a c t io n  of e le c tro n  f lu x  in  th e  prim ary component 
of th e  e le c tro n  energy d i s t r i b u t io n  fu n c tio n , a t  th e  Cathode 
dark  sp ace /N eg ativ e  glow boundary. E le c tro n s  in  t h i s  group 
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Fig 4 .17 . The m u l t ip l ic a t io n  f a c to r  f o r  e le c tro n  f lu x  in  th e  
Cathode dark space, w ith  Cathode f a l l  as a param eter. 
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Fig 4 .1 8 . The average e le c t r o n  energy in  th e  Cathode dark  space 
fo r  d i f f e r e n t  v a lu e s  of th e  Cathode f a l l .  *  : Tran-Ngoc e t - a l  
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Fig 4 .1 9 . The Townsend io n i s a t io n  c o e f f ic ie n t  in  th e  Cathode 
dark  space, w ith  Cathode f a l l  as a param eter. ^  i Tran-Ngoc 
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Fig 4 .20 . The io n  p ro d u c tio n  r a t e  in  th e  Cathode dark space fo r  
d i f f e r e n t  v a lu e s  of th e  Cathode f a l l .
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Fig 4 .21 . The t o t a l  p ro d u c tio n  r a te  of e x c ite d  H el s t a t e s  in  th e  
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Fig  4 .22 . P rod u c tio n  r a t e s  of in d iv id u a l Hel s t a t e s  in  th e  
Cathode dark  space f o r  a Cathode f a l l  of 0.2kV.
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Fig 4 .23 . P roduction  r a t e s  of in d iv id u a l Hel s t a t e s  in  th e  







Fig 4 .2 4 . The developm ent of th e  e le c tro n  energy d i s t r i b u t io n  
fu n c tio n  in  th e  N egative glow fo r  a Cathode f a l l  of 0.2kV,
p.x (mb.cm)
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Fig 4 .2 5 . The e a r ly  s ta g e s  of th e  developm ent of th e  e le c tro n  
energy d i s t r i b u t io n  fu n c tio n  in  th e  N egative glow fo r  a Cathode 
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Fig 4 .2 6 . The e le c t r o n  energy d i s t r i b u t io n  fu n c tio n  in  th e  NG 
fo r  a depth  f a c to r  of S.Omb.cm, w ith  a Cathode f a l l  of I.OkV. 
The energy d i s t r i b u t io n  measured ex p e rim en ta lly  by Yu e t - a l  i s  
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Fig 4 .2 7 a . The io n  p ro d u c tio n  r a te  in  th e  N egative glow, w ith  
Cathode f a l l  as a p aram eter. The s u p e rp o s itio n  of two p r o f i l e s  
from two opposing ca th o d es  (shown in s e t )  may produce a N egative 
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Fig 4 .27b . The t o t a l  p ro d u c tio n  r a t e  of e x c i te d  Hel s t a t e s  in  
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1 . 2
Fig 4 .2 8 . E x tra p o la te d  range c r i t e r i a  f o r  th e  le n g th  of th e  
N egative glow re g io n . A : from io n i s a t io n  r a te s ,  V : from 
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Fig 4 .2 9 . Range c r i t e r i a  f o r  a gas tem p era tu re  of 30OK. The 









E L E C T R O N  E N E R G Y  (E '^ K k e V )
Fig  4 .3 0 . The average energy W(E|») re q u ire d  to  g e n e ra te  an 
e le c t r o n / io n  p a i r ,  over th e  l i f e t im e  of an e le c t r o n  w ith  an 
i n i t i a l  energy E*. The r e s u l t s  of M ille r  a re  in c lu d ed  f o r  
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Fig  4 .3 1 . The e f f ic ie n c y  of io n i s a t io n  f o r  an e le c tro n  w ith  an 









Fig 4 .3 2 . The r a t e  of io n  p ro d u c tio n  in  th e  Cathode dark  space 
and N egative glow re g io n s  o f a helium  d isc h a rg e , f o r  an in p u t 
power le v e l  of 1 W att. A  : p ro d u c tio n  r a t e  in  th e  CDS, 







Fig  4 . 33 . The expected  e q u ip o te n t ia l  d i s t r i b u t io n  in  th e  Cathode 
dark  space re g io n  of an e le c t r o n  gun ca th o d e . An extended 
Cathode glow re g io n  i s  d e fin e d  by th e  p ertu rb ed  e q u ip o te n t ia ls .
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Fig 4 . 34 . The p ro d u c tio n  r a t e s  o f helium  io n s  and m e ta s ta b le s  a t  
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Fig 4 .3 5 . The p ro d u c tio n  r a t e s  of helium  io n s  and m e ta s ta b le s  a t  
a Cathode f a l l  of I.OkV.
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C hapter 5
5 E le c tro n  Gun C o n fig u ra tio n s  f o r  L aser Plasm as
A s in g le  e le c t r o n  gun o p e ra tin g  w ith  a Cathode f a l l  o f up to  
5 kV, and g iv in g  a beam c u r r e n t  o f up to  1 amp, has been used by 
Rocca e t - a l  fo r  lo n g i tu d in a l  pumping o f  s e v e ra l ty p e s  o f io n  m etal 
vapour l a s e r s  [1] ( f i g  1 .1 1 ). D esp ite  th e  improved o p e ra t in g  
c h a r a c t e r i s t i c s  re p o r te d  f o r  t h i s  i^stem  compared w ith  th e  perform ance 
o f p rev io u s  hollow  cathode d is c h a rg e s , th e re  a r e  se v e ra l drawbacks in  
u s in g  such a geom etry. F i r s t l y ,  an e le c tro -m a g n e t g e n e ra tin g  a f i e l d  
o f up to  0 .3 -0 .4 T  must be employed to  m a in ta in  th e  e-beam c o l l im a tio n  
over th e  le n g th  of th e  a c t iv e  medium, which i s  abou t 1 m etre . Such a 
magnet i s  p h y s ic a l ly  l a r g e , u se s  c o n s id e ra b le  power ( t y p i c a l ly 10 kVA) 
and must be ad eq u a te ly  co o led . Secondly, th e  ran g es  o f th e  e le c t r o n s  
in  th e  e-beam a re  chosen to  be com patib le  w ith  th e  le n g th  o f th e  
a c t iv e  medium to  en su re  optimum coup ling  o f th e  beam power to  th e  
l a s e r  g as . T h ere fo re , th e  e le c t r o n  e n e rg ie s  a t  each end o f th e  gas 
c e l l  a re  expec ted  to  be m arkedly d i f f e r e n t ,  and th e  p ro d u c tio n  of 
e x c ite d  s p e c ie s  may d im in ish  in  th e  reg io n  f u r th e s t  from th e  e le c tro n  
gun. Two e le c t r o n  guns, f i r i n g  e le c tr o n  beams in to  th e  a c t iv e  medium 
from bo th  ends o f th e  e le c tro -m a g n e t, have been employed to  p rov ide  
more uniform  e x c i ta t io n  [ 2 ] .  N e v e rth e le ss , th e  e lec tro -m ag n e t must 
s t i l l  be employed to  m a in ta in  th e  c o llim a tio n  o f th e  two beams.
With th e  aim of deve lo p in g  an e-beam pumped d isch a rg e  which 
r e q u ir e s  a somewnat low er m agnetic f i e l d  th a n  0.4T, a number of 
d isch a rg e  g eo m etrie s  have been in v e s t ig a te d  h e re . - E s s e n t ia l ly ,  a 
number of e le c t r o n  guns a re  employed, spaced a t  r e g u la r  in t e r v a l s
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along  th e  d isch a rg e  tu b e . The aim i s  to  p rov ide  e x c i ta t io n  of th e  gas
by each e-gun ov er a d is ta n c e  of approx im ate ly  10cm. Although an
e le c tro -m a g n e t has n o t been employed, th e  f i e l d  s t r e n g th  n ecessary  to  
p rov ide  some deg ree  of c o l l im a tio n  over t h i s  d is ta n c e  should  be 
co n s id e ra b ly  l e s s  t h a t  0 .4T . In  a d d i t io n , th e  c u r re n t g en e ra ted  by 
th e  s in g le  e-gun f o r  th e  system  used by Rocca e t - a l  [1] can be d iv id e d  
between th e  e-guns o f th e  m u lt ip le  a r ra y , th u s  red u c in g  th e  c u r re n t  
r e q u ire d  from each e-gun to  ach iev e  th e  same o v e ra l l  in p u t power
l e v e l .  A d isch a rg e  tube in c o rp o ra tin g  th r e e  cathode/anode p a i r s  h as  
been c o n s tru c te d  to  c a rry  ou t p re lim in a ry  in v e s t ig a t io n s  o f a  m u lt ip le  
e-gun a rra y  in  helium . A second d isch arg e  tube h as  been c o n s tru c te d  
w ith  w a te r co o lin g  to  in v e s t ig a te  a m u l t ip le  e-beam d isc h a rg e  in
argon .
5.1 E le c tro n  Gun Cathode G eom etries
5 .1 .1  E xperim ental Arrangement
A q u a r tz  d isch a rg e  tube w ith  th re e  independen t ca thode/anode 
p a i r s  i s  shown in  f i g  5 .1 . The s t a i n l e s s  s t e e l  e le c tro n  guns a re  
2 .5  cm in  le n g tn ,  w ith  h o le  a p e r tu re s  o f d iam ete r 3.5mm. The 
s e p a ra t io n  between th e  guns i s  6.0cm, and th r e e  Tungsten p in  anodes 
a re  s e t  midway between a d ja c e n t e-guns. Helium i s  flow ed through th e  
d isch a rg e  tube th roughou t th e  in v e s t ig a t io n  to  purge im p u r i t ie s ,  and 
th e  gas h an d lin g  system  i s  id e n t i c a l  to  t h a t  d e sc r ib e d  in  s e c t io n  
3 .3 .1 .  The tube h as  been h ea ted  f o r  60 hou rs  u sing  h e a t in g  ta p e s
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b e fo re  runn ing  th e  d isc h a rg e , and a  ' runn ing  i n '  p rocedure  h as  been 
fo llow ed  f o r  each cathode fa c e ,  a s  d esc rib e d  i n  s e c t io n  3 .3 .1 .  During 
th e  'ru n n in g  in* p rocedu re , th e  s id e l ig h t  em issio n  from th e  NG o f a  
s in g le  e-gun h as  been examined u s in g  th e  same o p t ic a l  arrangem ent a s  
d e sc rib e d  in  s e c t io n  3 .4 .1 .  S l ig h t  t r a c e s  o f hydrogen and
l i n e s )  have been observed  i n  th e  spectrum  reco rd ed , which o th e rw ise  
c o n ta in s  known helium  em ission  l i n e s  on ly . The V -I c h a r a c t e r i s t i c s  o f  
th e  d isc h a rg e , w ith  e le c tro d e  p a i r s  connected i n  a number of d i f f e r e n t  
c o n f ig u ra tio n s ,  have been reco rd ed . Good r e p r o d u c ib i l i ty  o f th e  V -I 
cu rves i s  ach iev ed  by fo llo w in g  th e  a c q u is i t io n  method d e sc r ib e d  in  
s e c t io n  3 .3 .1 .
5 .1 .2  R e su lts
S im ultaneous e-beam p ro d u c tio n  from th e  two f a c e s  o f a  s in g le  
e le c t ro n  gun h as  been in v e s t ig a te d ,  a s  shown i n  f i g  5 .2 a . Two 
e le c t r o n  beams, o f roughly  equal in t e n s i ty ,  a re  produced by th e  
cathode when th e  two anodes a r e  e a r th e d . Beam p ro d u c tio n  from one 
fa c e  may be d is ru p te d  by i s o la t in g  one of th e  anodes. The V -I 
c h a r a c t e r i s t i c s  o f th e  e-gun o p e ra tin g  i n  th e  s in g le  beam'mode have 
been reco rded  f o r  each fa c e  of th e  cathode, and th e n  f o r  sim u ltaneous 
o p e ra tio n  in  th e  tw in  beam mode. To determ ine w hether th e re  a re  
i n t e r a c t io n  e f f e c t s  between th e  in t e r n a l  p lasm as in  th e  h o le  c a v i ty ,  
th e  c u r re n t passed  by th e  cathode o p e ra tin g  i n  th e  tw in  beam mode, as  
a  r a t i o  o f th e  sum of th e  c u r re n ts  passed  by each fa c e  o p e ra tin g  
s e p a ra te ly ,  has  been c a lc u la te d  f o r  p a r t i c u la r  v a lu e s  of p re s su re  and 
Cathode f a l l ,  A s e t  of such c u r re n t  r a t i o s  a re  shown in  f i g  5 .3 .  
Although th e re  i s  some s c a t t e r  in  th e  p o in ts  c a lc u la te d ,  th e re  i s  a
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g e n e ra l t re n d  whereby th e  c u r re n t  r a t i o s  in c re a s e  s l ig h t ly  fo r  h ig h e r  
v a lu e s  o f Cathode f a l l .  I t  i s  p o s s ib le  th a t  lo n g - l iv e d  s p e c ie s  such 
a s  He (m e ta s ta b le )  a r e  c a r r ie d  from  th e  f i r s t  plasm a re g io n  to  th e  
second by th e  gas flo w . T h ere fo re , two s e p a ra te  power s u p p lie s  have 
been used to  in v e s t ig a te  in t e r a c t io n  e f f e c t s  i n  a s in g le  e-gun a ls o ,  
as  shown in  f i g  5 .2 b . The c u r re n t  I.| i s  s e t ,  and th e n  m onito red  a s  I^  
i s  in c re a s e d . The r e s u l t s  a r e  shown in  f i g  5 .4  f o r  gas p re s s u re s  o f 
Imb and 2mb. They d em onstra te  th a t  th e re  i s  an i n t e r a c t io n  e f f e c t ,  
a lthough  sm a ll, w ith  I.  ^ in c re a s in g  s l ig h t ly  a s  I ^  i s  r a i s e d .  T his may 
be due to  a  deg ree  of c r o s s - io n is a t io n  by slow e le c tro n s  in  th e  
in t e r n a l  plasm as o f uhe two s e p a ra te  e-beam d is c h a rg e s . However, i t  
may a lso  be due to  e v e n tu a l f a t e  of io n s  g en e ra ted  i n  th e  two NG
re g io n s , which pass in to  th e  h o le  cav ity  from o p p o s ite  d i r e c t io n s .  
S ince two CDS re g io n s  a re  p re s e n t ,  th e  io n s  a re  trap p e d  w ith in  th e  
c a v i ty ,  and must e v e n tu a lly  c o l l id e  w ith  th e  c a v ity  w a lls .
Two e-beam d is c h a rg e s  can be used to  e x c i te  th e  same re g io n  o f 
gas u s in g  c o u n te r-p ro p a g a tin g  beams, a s  shown in  f i g  5 .5 .  A s im i la r  
cathode geom etry has been employed by P ersson  to  g e n e ra te  o v erlap p in g  
NG*s f o r  a  study  o f d i f f u s io n  and recom bination  in  th e  NG [ 3] .  I t  i s  
found h e re  th a t  in d iv id u a l  b a l l a s t i n g  o f th e  two e le c t ro n  guns i s  no t 
necessary  to  ach iev e  s ta b le  o p e ra t io n  o f th e  two guns s im u ltan e o u sly . 
However, b a l l a s t i n g  may become im p o rtan t when o p e ra tin g  a t  high
c u rre n t l e v e l s ,  a s  found f o r  th e  se p a ra te  anodes o f a  ' f l u t e '  type
hollow  cathode a isc h a rg e  [4 ] .  C urren t r a t i o s  f o r  th e  tw in  gun system  
have been c a lc u la te d ,  to  in v e s t ig a te  in t e r a c t io n  e f f e c t s  between th e  
two e le c t r o n  beams, and a r e  d e p ic te d  i n  f i g  5 .6 .  For low v a lu e s  o f 
Cathode f a l l ,  th e  e-beam s do n o t o v e rla p , th e  degree  of
c r o s s - io n is a t io n  in  th e  two NG's i s  sm all, and th e  c u rre n t r a t i o s  a re  
n ea r u n ity  as  ex p ec ted . As i s  r a is e d ,  th e  Ng ' s beg in  to  o v e rla p
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and th e  c u r re n t  r a t i o s  r i s e .  The r a t i o s  s t a r t  to  in c re a s e  a t  low er 
v a lu e s  o f f o r  low er gas p re s s u re s ,  a s  p re d ic te d  by th e  range
c r i t e r i a  ( e q .4 .1 9 ) .  As th e  c u r re n t  r a t i o s  r i s e  f u r th e r ,  a k in k  i s  
observed  i n  th e  cu rv es  f o r  Imb and 2mb. T his su g g e s ts  t h a t  th e  
io n i s a t io n  c y c le  in  th e  compound d isch a rg e  i s  somehow in te r r u p te d ,  
over a sm all range of Cathode f a l l  v a lu e s . One e x p la n a tio n  f o r  t h i s  
e f f e c t  i s  t h a t  th e  e le c t ro n s  from  one e-gun th e n  have a range equal to  
th e  gun s e p a ra t io n ,  and reach  th e  CDS/NG boundary re g io n  o f th e  o th e r  
e-gun. They a re  p rev en ted  from  d r i f t i n g  f u r th e r  by th e  o th e r  CDS 
sh ea th  re g io n . The p resen ce  of such slow e le c t ro n s  in  th e  boundary 
re g io n  w i l l  reduce th e  e f f e c t  o f th e  p o s i t iv e  space charge of th e  
io n s ,  and th u s  reduce th e  f i e l d s  in  th e  CDS. As i s  r a i s e d  f u r th e r  
and th e  e le c t r o n  e n e rg ie s  in c re a s e ,  t h e i r  ran g es  i n  th e  gas a ls o  
in c re a s e .  In  t h i s  c a se , they p ass  th rough  th e  o p p o s ite  CDS/NG 
boundary re g io n , a re  r e f l e c te d  by th e  e l e c t r i c  f i e l d s  i n  th e  CDS, and 
p ass  back in t o  th e  main body o f th e  two o v e rla p p in g  NG’ s . T his w ould 
e x p la in  why th e  c u r re n t  r a t i o s  in c re a s e  a g a in  a s  i s  r a i s e d
f u r th e r .
A p o te n t i a l ly  u se fu l e f f e c t  i s  observed  when a  v o lta g e  i s  a p p lie d  
between th e  ou term ost two e-gun ca th o d es  ’A' and 'B ' ,  le a v in g  th e  
c e n tre  cathode a t  f lo a t in g  p o te n t i a l .  When th e  d isc h a rg e  i s  run  a t  
low c u r re n t ,  two e le c t r o n  beam plasm as a re  observed , w ith  one produced 
by th e  cathode a t  f lo a t in g  p o te n t ia l  ( f i g  5 .7 a ) .  T his f lo a t in g  
e le c tro d e  a c t s  s im u ltan e o u sly  as  an anode f o r  th e  cathode ’A’ and a s  a 
cathode f o r  'B ' .  As th e  d isch a rg e  c u r re n t i s  r a is e d  to  about 3mA, 
however, th e  d isch a rg e  tra n s p o s e s  to  an o th e r  mode in  which a  s in g le  
e-beam i s  produced, and a f i la m e n t o f PC i s  form ed a long  th e  a x is  o f 
th e  tu b e , and p a sse s  th rough  th e  c e n tre  cathode ( f i g  5 .7 b ) . The V -I 
c h a r a c t e r i s t i c s  f o r  th e  tw in  beam mode a re  shown in  f i g  5 .8 a , which
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shows th e  t o t a l  v o lta g e  (V^) a p p lie d  to  th e  end e le c tro d e s ,  and th e  
f lo a t in g  p o te n t ia l  (V^) o f  th e  c e n tre  e le c t ro d e .  The f lo a t in g  
p o te n t ia l  i s  approx im ate ly  one h a l f  o f th e  o v e ra l l  v o lta g e  when th e  
d isch a rg e  o p e ra te s  in  th e  tw in  beam mode, a s  shown i n  f i g  5 .9 .  When a 
v o lta g e  i s  a p p lie d  between p o in ts  *A' and ' C  shown in  f i g  5 .7 a , to  
le a v e  two e le c t ro d e s  a t  f lo a t in g  p o te n t ia l ,  th r e e  e-beam plasm as a re  
g e n e ra te d , a lth o u g h  th e  m u lt ip le  beam mode i s  a g a in  only  s ta b le  below 
3.0mA, a s  shown in  f i g  5 .8b .
I t  i s  u n fo r tu n a te  t h a t  t h i s  m u lt ip le  beaming e f f e c t  u s in g  
f lo a t in g  e le c t ro d e s  i s  n o t s ta b le  a t  h ig h e r c u r re n t  l e v e ls .  As to  a
reaso n  why th e  d isc h a rg e  i s  s ta b le  in  th e  m u lt ip le  beam mode a t  low
c u r re n t ,  i t  i s  known t h a t  th e  s iz e  of th e  e l e c t r i c  f i e l d  param eter E/p 
(V.cm" .mb” ) re q u ire d  to  m a in ta in  th e  flow  of charged p a r t i c l e s  in  
th e  PC must be in c re a s e d  f o r  sm a lle r  tube d ia m e te rs  [ 5 ] .  T h ere fo re , 
a t  low c u r re n t ,  th e  v a lu e  of E/p a c ro ss  th e  bore of th e  c e n t r a l  
e le c tro d e  i s  p robab ly  too  s n a i l  to  overcome th e  d i f f u s io n  lo s s e s  fo r  
charged p a r t i c l e s  i n  th e  b o re , in  o rd e r  to  m a in ta in  a  PC re g io n . 
Hov/ever, th e  a p p lie d  p o te n t ia l  i s  c le a r ly  adequate  to  s u s ta in  two 
alm ost independen t CDS and NG plasm a re g io n s . T h ere fo re , by reducing  
th e  bo re  d iam ete r to  in c re a s e  th e  d i f fu s io n  lo s s e s  f o r  a  PC glow, i t
m ight be p o s s ib le  to  in c re a s e  th e  o p e ra tin g  range  of d isch a rg e  in  th e
m u ltip le  beam mode.
Since th e  e-beam plasm a i s  g en e ra ted  a long  th e  c e n t r a l  a x is  o f an 
e-gun ca thode , a d isch a rg e  tube has been c o n s tru c te d  i n  o rd e r  to  
co n fin e  th e  e n t i r e  e-beam plasm a to  a c e n t r a l  re g io n  o f th e  same 
d iam eter as  th e  cathode h o le . T his geometry i s  shown in  r i g  5 .1 0 , and 
a d ja c e n t e le c tro d e s  a re  used a s  anodes in  t h i s  c ase . The s e p a ra t io n  
between th e  e le c tro d e s  i s  s e t  a t  0.5mm to  e s ta b l i s h  an o b s tru c te d  
d isch a rg e  and p re v e n t gas breakdown a c ro s s  th e  e le c tro d e  gap. I t  i s
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found th a t  an e-beam plasm a cannot be m ain ta ined  a t  low c u r re n t (~1mA) 
u s in g  such a geom etry, i s  somewhat u n s ta b le , and does n o t y ie ld  
re p ro d u c ib le  V -I c h a r a c t e r i s t i c s .  The d isch arg e  i s  observed  to  sw itch  
on and o f f  in t e r m i t te n t ly ,  w ith  a p e rio d  o f s e v e ra l seconds. 
O s c i l la t io n s  of t h i s  n a tu re  have been observed  w ith  o th e r  ty p e s  o f 
o b s tru c te d  glow d isc h a rg e s  a ls o  [6 ] ,  I t  i s  su g g ested  th a t  th e se
o s c i l l a t i o n s  a r e  due to  a  b u ild -u p  o f space charge i n  th e
in t e r - e le c t r o d e  gap, which th e n  a c t s  to  e x tin g u ish  th e  d isc h a rg e .
An e-beam plasm a i s  g en e ra ted  a t  a  v o lta g e  o f 2-3kV a s  in d ic a te d  
by th e  V -I c h a r a c t e r i s t i c s  in  f i g  5 .11 . I t  i s  shown th a t  th e  V -I 
cu rves a re  u n u su a lly  s te e p  and sm all v a r ia t io n s  in  th e  Cathode f a l l  
produce la rg e  changes i n  th e  d isch a rg e  c u r re n t .  The p o s i t io n  o f th e  
anode very  c lo se  to  th e  cathode fa c e  undoubtedly g iv e s  r i s e  to  a
degree of p e r tu rb a t io n  o f th e  e q u ip o te n t ia ls  in  th e  CDS re g io n , a s
shown in  f i g  2 .1 3 . E le c tro n s  i n  th e  e-beam plasm a may be formed a s  a 
d iv e rg e n t beam and c o l l id e  w ith  th e  w a lls  o f th e  anode in s te a d  o f 
g e n e ra tin g  a NG re g io n  a lo n g  th e  bo re . By in c re a s in g  th e  
in te r - e le c t r o d e  spac in g  w h i ls t  m a in ta in in g  an o b s tru c te d  mode 
c r i t e r i o n  ( i e .  gap<d^), th e  p e r tu rb a t io n  of th e  e q u ip o te n t ia ls  may be 
reduced , e n ab lin g  more s ta b le  o p e ra tio n  of t h i s  ty p e  of geom etry. The 
in c lu s io n  o f a sm all e le c tro -m a g n e t around th e  d isch a rg e  tube to  
g e n e ra te  a  lo n g i tu d in a l  m agnetic f i e l d ,  th e reb y  reducing  th e  beam 
d iv e rg en ce , may improve th e  s t a b i l i t y  o f th e  d isch a rg e  a ls o .
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5 .2  A M u ltip le  e-beam D ischarge u sing  Argon
5 .2 .1  E xperim ental Arrangement
The d isc h a rg e  c e l l  shown in  f i g  5 .12  (and p la te  2) h a s  been 
c o n s tru c te d  to  in v e s t ig a te  th e  behaviour o f a  m u lt ip le  e-beam 
d isch a rg e  i n  argon . The c e l l  has been designed  to  allow  th e  a d d i t io n  
o f f u r th e r  segm ents a t  a  l a t e r  s ta g e , a l t h o u ^  th e  o p e ra tio n  o f only  
one segment i s  r e p o r te d  h e re . The c e l l  c o n s is ts  o f an aluminium body 
which houses th e  two e-gun ca thodes, and two s t a i n l e s s  s t e e l  end 
f la n g e s  th rough which th e  vacuum and w a te r  c o n n ec tio n s  a re  made. The 
cathodes, a r e  s l i d  a long  th e  c e n t r a l  bo re  and a re  h e ld  i n  p lace  by 
vacuum le a d  th ro u g h s  in  uhe aluminium body, which a re  used a ls o  to  
connect th e  ca th o d es to  th e  power supply . The ca th o d es  a r e  anod ised  
to  prov ide e l e c t r i c a l  i s o l a t i o n  from th e  main body, which a lso  a c t s  a s  
an anode, and i s  h e ld  a t  e a r th  p o te n t ia l .  The ca th o d es a re  2.0cm in  
le n g th  w ith  2.0mm h o le s  to  g e n e ra te  th e  e-beam s, and only  th e  w a lls  o f 
th e  h o le s  a re  l e f t  un -an o d ised . A CDS sh ea th  re g io n  i s  expec ted  to  
form nex t to  th e  anod ised  cathode fa c e s  which a r e  exposed to  th e  
d isc h a rg e . The io n  c o n c e n tra tio n  in  such a sh ea th  i s  l i k e ly  to  be 
l e s s  th a n  in  th e  sh ea th  re g io n  a t  th e  h o le  e n tra n c e , however, s in c e  
th e  e le c tro n  f lu x  d e riv e d  from th e  anod ised  s u r fa c e s  w i l l  be l e s s  th a n  
t h a t  c a r r ie d  i n  th e  e-beam f ila m e n t .  The w eaker sh ea th  re g io n  may be 
used to  r e f l e c t  s t r a y  e le c t r o n s  back in to  th e  c e n t r a l  d isch a rg e  
re g io n , however, and f o r  t h i s  rea so n  th e  cathode fa c e s  a re  machined 
s l i g h t ly  concave. To overcome th e  se r io u s -  s p u t te r in g  problem s 
encoun tered  w ith  th e  p rev io u s  argon e-beam d isc h a rg e , th e  ca th o d es
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have been made from aluminium which i s  more r e s i s t a n t  to  s p u t te r in g  
th a n  s t a i n l e s s  s t e e l  [ 7 ] .  In  a d d i t io n ,  an adm ix tu re  of oxygen a t
0.01mb-0.025mb i n  th e  gas  supply  can be used to  m a in ta in  th e  t h in  
la y e r  of oxide on th e  cathode s u r fa c e , in  t h i s  case  th e  bo re  of th e  
cathode, to  reduce s p u t te r  damage co n s id e ra b ly  [ 8] .  T h ere fo re , a 
sm all amount o f oxygen h as  been in tro d u c e d  in to  th e  argon  flow  
e n te r in g  th e  d isc h a rg e  c e l l .  Spontaneous em ission  from th e  e-beam 
glow has been c o l le c te d  from  th e  c e l l  viewed * end-on ' u s in g  th e  
o p t ic a l  arrangem ent d e sc r ib e d  in  s e c tio n  3 .4 .1 .  The a x is  o f th e  c e l l  
has been a l ig n e d  w ith  th e  o p t ic a l  arrangem ent u s in g  a  He-Ke l a s e r .
5 .2 .2  R e su lts
A spectrum  of th e  e-beam d isch a rg e  glow has been reco rd ed  a t  low 
d isch a rg e  c u r re n t  (0.3mA, 0.39kV ), and i s  shown in  f i g  5 .1 3 . The 
argon p re s su re  i s  s e t  a t  O.Tmb w ith  an adm ixture of oxygen a t  O.Oômb 
to  m a in ta in  th e  th in  ox ide  la y e r  a long  th e  cathode b o re s . The 
spectrum  c o n ta in s  numerous A r i l  l i n e s ,  and t h e i r  r e l a t i v e  i n t e n s i t i e s  
a re  found to  be s im i la r  to  th o se  observed f o r  th e  p rev io u s  argon 
e-beam d isc h a rg e  ( s e c t io n  3 .5 .2 ) .  The most in te n s e  em ission  l i n e  i s  
a t  4765Â, and th e  te n  p r in c ip a l  l i n e s  in  th e  spectrum  a re  l i s t e d  i n  
ta b le  5 .1 .  I t  i s  n o ted  t h a t  th e  em ission  l i n e  a t  5145Â i s ,  once 
ag a in , n o t observed  a t  low c u r re n t .  During subsequen t experim en ts  to  
m onitor th e  i n t e n s i t i e s  o f th e se  p r in c ip a l  em ission  l i n e s  a s  th e  
d isch a rg e  p a ram ete rs  a re  changed, i t  i s  found th a t  th e  d isch arg e  
c u r re n t i s  no t s te a d y , and c u r re n t  'g l i t c h e s '  a re  observed  w ith  a 
frequency  of f^lH z. These b u r s ts  o f c u r re n t appear more f re q u e n tly  as  
th e  d isch a rg e  i s  run  f o r  p e r io d s  o f s e v e ra l h o u rs . They a lso  in c re a s e
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W avelength (A) T ra n s i t io n  In te n s i ty  ( a r b .u n i t s )
1. 4764.9 ( I I ) L 4P P3/ 2- 4 :  " 1/2 8 .98
2. 4277.5 ( I I ) 8 .12
3 . 4609.6 ( I I ) L 6.93
4. 4198.3 ( I I ) 6.49
5. 4879.9 ( I I ) L 4 p % /2 -H s2 p 3 /2 6.39
6 . 4259.4 ( I ) 6.33
7 . 4158.6 ( I ) 6 .18
8. 4545.1 ( I I ) L * p 'P 3 /2 -4 s 'f 3 /2 6.16
9. 4200.7 ( I ) 5 .62
10. 4657.9 ( I I ) L D p 2 p ,.„ -H s2 p ,,- 5 .29
Table 5 .1 .  The te n  most prom inent l i n e s  i n  th e  e-beam d isch a rg e  a t  
0.3mA, 0.39kV and 0,7rab. 'L* den o tes  a known l a s e r  t r a n s i t io n .
in  frequency  a s  th e  d isch a rg e  c u r re n t i s  r a i s e d .  By in c re a s in g  th e  
b a l l a s t  r e s i s t o r  on th e  power supply from 20kJl to  200kil , however, 
th e  d isch a rg e  i s  found to  be g e n e ra lly  more s ta b le .  The i n t e n s i t i e s  
o f th e  p r in c ip a l  A ril  l i n e s  i n  th e  spectrum  nave been reco rded  a s  th e  
d isch a rg e  c u r re n t  i s  in c re a s e d , and th e  i n t e n s i t i e s  o f two A rl l i n e s  
a t  4259A and 4158Â have been m onito red  a ls o .  V alues of th e  Cathode 
f a l l  over th e  c u r re n t range in v e s t ig a te d  a re  shown in  f i g  5 .1 4 . The 
c u r re n t range i s  l im i te d  to  abou t 20mA by th e  b a l l a s t  r e s i s t o r  used to  
s t a b i l i s e  th e  d isch a rg e  c u r re n t .  A ll s p e c tr a l  l i n e  i n t e n s i t i e s  a re  
observed to  in c re a s e  alm ost l i n e a r ly  w ith  r i s in g  d isch a rg e  c u r re n t ,  
su g g es tin g  s in g le - s t e p  e le c t r o n  e x c i ta t io n  o f bo th  A rl and A r i l  
s t a t e s .  However, th e  i n t e n s i t i e s  o f a l l  A r i l  l i n e s  appear to  in c re a s e
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s l ig h t ly  f a s t e r  th an  th e  i n t e n s i t i e s  of bo th  A rl l i n e s  a s  shown in  
f i g  5 .1 5 . Here, r a t i o s  o f l i n e  i n t e n s i t i e s  have been c a lc u la te d  u s in g  
th e  in t e n s i ty  of th e  em issio n  l i n e  a t  4259A a s  a  common denom inator 
th ro u g h o u t. I n te r e s t in g ly ,  th e  r a t i o s  in c re a s e  most n o tic e a b ly  fo r  
th e  A r i l  l i n e s  which co rrespond  to  known l a s e r  t r a n s i t io n s .  The 
in t e n s i ty  of th e  l i n e  a t  5145Â rem ains weak i n  com parison to  th e  o th e r  
A ril  l i n e s  over th e  c u r re n t  range in v e s t ig a te d .
A fte r  runn ing  th e  d isc h a rg e  fo r  approx im ate ly  12 h ou rs 
c o n tin u o u s ly , th e  frequency  o f th e  c u r re n t 'g l i t c h e s '  i s  observed  to  
in c re a s e ,  and t h i s  p re v e n ts  f u r th e r  s p e c tr a l  a n a ly s is .  These c u r re n t 
b u r s ts  a re  accompanied by b u r s ts  o f RF em ission  between 0-800MHz as 
shown in  f i g  5 .1 6 . There ap p ea rs  to  be an envelope fu n c tio n  w ith in  
which th e  RF r a d ia t io n  i s  e m itte d . On exam ining th e  e-gun ca th o d es, 
i t  i s  found th a t  a la y e r  o f oxide b u ild s  up along  th e  b o res  du rin g  
o p e ra tio n  red u c in g  th e  d ia m e te rs  to  about 1.9mm. A fte r  r e - d r i l l i n g  
th e  cathodes to  2.0mm and re p la c in g  th e  guns i n  th e  d isch a rg e  c e l l ,  i t  
i s  p o s s ib le  to  run  th e  d isch a rg e  w ith  a r e l a t iv e ly  s ta b le  d isch a rg e  
c u r re n t  once a g a in . The b u ild -u p  o f a th ic k  oxide la y e r  i s  p robably  
caused by o p e ra t in g  w ith  th e  p a r t i a l  p re s su re  of oxygen s e t  too  h ig h . 
In  subsequent ru n s , th e  oxygen p re s s u re  i s  reduced  to  0.02mb. 
However, a f t e r  s e v e ra l hours  o f o p e ra tio n , th e  d isc h a rg e  c u r re n t 
becomes u n s ta b le  once a g a in . At a d isch a rg e  c u r re n t of 10mA, an 
a u d ib le  ' r i n g '  can be heard  from th e  d isch arg e  c e l l ,  and t h i s  p e r s i s t s  
a s  th e  c u r re n t i s  r a is e d  f u r th e r .  I t  i s  found th a t  th e  i n s t a b i l i t i e s  
en coun tered  a re  no t p reven ted  by connec ting  5k il b a l l a s t  r e s i s t o r s  to  
th e  in d iv id u a l  ca th o d es.
I n s t a b i l i t i e s  in  DC glow d isc h a rg e s  have been d isc u sse d  
e x te n s iv e ly  by F ra n c is  [6 ] .  The i n s t a b i l i t i e s  encoun tered  h e re  may be 
caused by th e  p resence  of 0*" io n s  i n  th e  d isc h a rg e , and th e  minimum
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p a r t i a l  p re s s u re  o f Oxygen re q u ire d  to  m a in ta in  th e  th in  oxide la y e r  
a long  th e  cathode bo re  w i l l  p robably  be determ ined  by t r i a l  and 
e r r o r .  I t  w i l l  depend on th e  s p u t te r in g  r a t e  in  th e  c a v i ty ,  and 
th e re fo re  on th e  d isch a rg e  c u r re n t and on th e  Cathode f a l l .  The 
i n s t a b i l i t i e s  may be caused by in te r m i t te n t  a rc in g  from th e  cathode 
edges to  th e  aluminium body a ls o ,  which may be p rev en ted  by improved 
design  o f th e  cathode segm ents. I t  has been sug g ested  t h a t  th e  
g low -arc  t r a n s i t i o n  o f a co ld  cathode d isch a rg e  may be p rev en ted  by 
l im i t in g  th e  c u r re n t  a v a i la b le  f o r  th e  a rc  to  form , by reducing  th e  
c ap a c itan ce  o f e x te rn a l  c i r c u i t r y  of th e  power supply  [ 8 ] .  
I n s t a b i l i t i e s  may a lso  be reduced  by running  th e  cathode 'h o t '  to
d r iv e  o f f  v o l a t i l e  g a se s . E x tensive  s tu d ie s  i n t o  th e  fo rm atio n  of 
tem porary a rc s  i n  hollow  cathode d isc h a rg e s  u sin g  aluminium ca th o d es  
coa ted  w ith  an ox ide la y e r  have been c a r r ie d  ou t by Rozsa e t - a l  [ 9 ] .  
I t  i s  sug g ested  th a t  a rc in g  o ccu rs  as a r e s u l t  o f n o n -u n ifo rm itie s  in  
th e  th ic k n e s s  o f th e  th in  oxide la y e r  on th e  ca thode . R e la tiv e ly  
s ta b le  o p e ra tio n  i s  r e p o r te d  a f t e r  t h i s  ox ide la y e r  i s  removed by
s p u tte r in g ,  to  expose a c le a n  m e ta l s u rfa c e .
RF em issio n  h as  n o t been d e te c te d  from th e  e-beam plasm as in  
helium  d isc u sse d  i n  s e c t io n  3*3*2 of t h i s  t h e s i s .  However, UHF 
em ission  betw een 1-10GHz has been g en era ted  by an e-beam d isc h a rg e  in  
helium  fo r  c u r re n t d e n s i t i e s  o f around 0.1A.cra~^ [1 0 ] . Such RF
em ission  i s  caused by an in t e r a c t io n  between th e  plasm a g e n e ra te d  by 
th e  e-beam ( th e  NG) and th e  e-beam i t s e l f .  These 'p lasm a 
o s c i l l a t i o n s '  have been in v e s t ig a te d  by Wada and K n e c h tli ,  and a re  
shown to  in c re a s e  in  in t e n s i ty  a s  e-beam c u r re n t  in c re a s e s ,  o r a s  th e  
su rround ing  gas p re s su re  i s  reduced  [1 1 ]. S e rio u s  d e g ra d a tio n  o f th e  
q u a l i ty  o f th e  e-beam has been observed  a t  th e  o n se t o f th e se
o s c i l l a t i o n s  [1 0 ] . D iis  i s  accompanied by a  sharp  change in  th e
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s p e c tr a l  c h a r a c t e r i s t i c s  o f th e  e-beam plasm a. However, i f  a  s im ila r  
'p lasm a o s c i l la t io n s *  in  th e  argon e-beam d isc h a rg e  a re  o c c u rr in g , th e  
e x c i ta t io n  o f A r i l  l e v e l s  compared w ith  A rl l e v e l s  would be expec ted  
to  d im in ish , a t  th e  o n se t o f such o s c i l l a t io n s .  T his i s  n o t observed  
to  be th e  case , a s  shown in  f i g  5 .13 .
F u rth e r  in v e s t ig a t io n s  a re  n ecessary  to  determ ine th e  n a tu re  of 
th e  c u r re n t i n s t a b i l i t i e s  observed  h e re , to  en ab le  th e  e-beam 
d isch a rg e  to  o p e ra te  s ta b i ly  a t  h ig h e r c u r re n t l e v e l s ,  and w ith  a 
sm a lle r  b a l l a s t  r e s i s ta n c e .  The p resence o f numerous A r i l  em issio n  
l i n e s  in  th e  spectrum  of th e  e-beam plasm a i s  an encourag ing  f e a tu r e ,  
however. The behav iour o f e le c t ro n s  i n  th e  CDS and NG re g io n s  o f an
abnormal glow d isc h a rg e  in  argon  i s  undoubtedly s im i la r  to  t h a t  in  an 
abnormal helium  d is c h a rg e . The p ro p o rtio n  o f ' f a s t '  e le c tro n s  a t  th e  
CDS/NG boundary and i n  th e  NG i s  th e re fo r e  l i k e ly  to  in c re a s e  a s  th e  
Cathode f a l l  i s  r a is e d .  Such e le c tro n s  a re  a b le  to  e x c i te  A r i l  l e v e l s  
d i r e c t ly ,  and t h i s  i s  confirm ed by th e  p resence  o f s tro n g  A r i l  
em ission  l i n e s  even a t  low d isch a rg e  c u r re n ts .  I t  fo llo w s  th a t  th e  
average e le c t r o n  energy in  th e  e-beam d isch a rg e  i s  expec ted  to  be 
markedly h ig h e r th a n  in  an e q u iv a le n t P o s i t iv e  column d is c h a rg e . 
F u r th e r  in v e s t ig a t io n s  a re  needed to  e s ta b l i s h  w hether A r i l  l e v e l s  a r e  
pumped fav o u rab ly  in  a h igh  c u r re n t  e le c tro n  beam d isc h a rg e .
Compact, a ir - c o o le d  argon  io n  l a s e r s  u sing  a low c u r re n t (5A-10A)
P o s i t iv e  column o isch a rg e  a re  used to  g e n e ra te  l a s e r  a c t io n  a t  4880A,
and have been developed com m ercially  in  r e c e n t y e a r s .  Such l a s e r s
have very  low o p e ra tin g  e f f i c i e n c i e s  because th e  pumping r a t e  to  th e  
4 23p 4p Dgyg le v e l  i s  dependent on th e  square  of th e  d isch a rg e  c u r re n t ,  
which i s  l im i te d  by th e  co o lin g  e f f ic ie n c y  of th e  u n i t .  However, 
s in c e  ^the p ro d u c tio n  o f A r i l  s t a t e s  i n  th e  e-beam d isch a rg e  i s  
m a in ta in ed  a t  low c u r re n t  l e v e l s ,  l a s e r  a c t io n  g en e ra ted  i n  an e-beam
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d isc h a rg e , runn ing  a t  com parable in p u t power l e v e l s  to  th e se  P o s i t iv e  
column d e v ic e s , may be more e f f i c i e n t .  L aser a c t io n  on one o r more of 
th e  A r i l  l i n e s  l i s t e d  i n  t a b le  5 .1  may w e ll be p o s s ib le  u s in g  an 
e-beam d isch a rg e  of t h i s  ty p e .
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Fig 5 .1 . A m u ltip le  e le c t r o n  gun gecoietry In c o rp o ra tin g  th r e e  
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Fig 5 .2 .  S im ultaneous e le c t r o n  beam p ro d u c tio n  from two fa c e s  of 
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Fig 5 . 3 . C urren t r a t i o s  f o r  tw in  beam p ro d u c tio n  by a s in g le  
e le c tro n  gun ca thode . Two s e t s  d a ta  a re  g en e ra ted  by u sin g  
d i f f e r e n t  cathode/anode p a i r s .  V  ; imb, A  : 2mb, EH : 3mb, 
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Fig 5 .4 .  The d isch a rg e  c u r re n ts  d eriv ed  from each fa c e  o f a 
s in g le  e-gun cathode o p e ra tin g  in  a tw in  beam mode.
-v e
F ig  5 .5 .  E x c i ta t io n  o f a  re g io n  o f  gas by two co u n te r  
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F ig  5 .6 .  C urren t r a t i o s  f o r  a tw in  e le c t ro n  gun system  w ith
o v erlap p in g  NG plasm a re g io n s . Two s e t s  of d a ta  a re  g en e ra ted  
by u sing  two d i f f e r e n t  anode/cathode p a i r s ,  ^  ; Imb, A : 2mb, 
□  : 3mb.
f lo a t
Fig  5 .7 a . P ro d u c tio n  o f two e le c tro n  beam plasm as a t  low 
d isch a rg e  c u r re n t ,  u s in g  a c e n t r a l  e le c tro d e  a t  f lo a t in g  
p o t e n t i a l .
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F ig  5 .7 b . The fo rm atio n  o f a  P o s it iv e  column along  th e  c e n t r a l  













Fi g 5 .8  a . The V -I c h a r a c t e r i s t i c s  o f th e  d isch a rg e  f o r  th e  
p ro d u c tio n  o f two e le c t r o n  beam plasm as, w ith  th e  c e n tre  
e le c tro d e  a t  f lo a t in g  p o te n t i a l ,  x  : t r a n s i t i o n  p o in t to  th e  
s in g le  beam mode w ith  a P o s i t iv e  column re g io n .
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Fig 5 .8 b . The V -I c h a r a c t e r i s t i c s  fo r  a d isc h a rg e  g e n e ra tin g  
th r e e  e le c tro n  beam plasm as, w ith  ttvo in te rm e d ia te  e le c tro d e s  a t  
f lo a t in g  p o te n t i a l .  The v o lta g e  shown i s  a p p lie d  to  th e  end 
e le c t ro d e s .
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Fig  5 .9 .  The f lo a t in g  p o te n t ia l  Vf of th e  c e n tre  e le c tro d e , aa a 
f r a c t io n  o f th e  o v e ra l l  tube v o lta g e  V f, f o r  o p e ra t io n  in  th e  







Fig 5 .1 0 . E le c tro n  beam p ro d u c tio n  along th e  c e n t r a l  a x is  of a 






















Fig 5 .1 1 . The V -I  c h a r a c t e r i s t i c s  f o r  e le c t ro n  beam p ro d u c tio n  
along  th e  c e n t r a l  a x is  o f a geometry c o n s is t in g  of c lo s e ly  
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Fig  5 .1 4 . V alues of th e  d isch a rg e  c u r re n t  and Cathode f a l l  tak en  
du rin g  th e  m easurem ents of s p e c tr a l  l i n e  i n t e n s i t i e s .  
O : 0.4mb, O : 0,4mb (su b seq u en t ru n ) , O : 0.27mb.
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Fig 5 .1 5 a . I n te n s i ty  r a t i o s  of th e  p r in c ip le  A r il  em issio n  l i n e s  
in  th e  e-beam plasma, u s in g  th e  in te n s i ty  o f th e  em ission  l i n e  
a t  4259A as  a common denom inator. The r a t i o s  f o r  th e  l i n e  a t  
4158Â (A rl) a r e  alm ost c o n s ta n t over th e  c u r re n t  range 
in v e s t ig a te d ,  as would be ex p ec ted .
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Fig 5 .1 5 b . I n te n s i ty  r a t i o s  o f th e  p r in c ip le  A r il  em issio n  l i n e s  
in  th e  e-beam plasm a, u s in g  th e  in te n s i ty  o f  th e  em ission  l i n e  
a t  4259A as  a  common denom inator.
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Fig  5 .1 6 a . RF em issio n  from th e  e-beam plasm a in  argon a t  0.4mb, 
1.0mA and 0.48kV.
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I t  h as  been proposed by B ay le ss  e t - a l  [1 ] t h a t  a con tin u o u s glow 
d isch a rg e  can be used as  a  source  of e le c tro n s  to  ach ieve  co n tinuous 
pumping o f a gaseous l a s e r  medium. The tr a n s v e r s e  pumping geom etry 
suggested  i s  used i n  c o n ju n c tio n  w ith  a th in  m eta l f o i l  s e p a ra t in g  th e  
gun and l a s e r  volum es a s  shown in  f i g  a . i .  T h is scheme a llo w s th e  
e le c t r o n  gun and th e  l a s e r  medium to  be o p e ra ted  in d e p e n d e n tly . To 
examine th e  p r a c t i c a l i t y  of such a scheme, bo th  th e  coup ling  
e f f ic ie n c y  of beam energy to  th e  gas and th e  l o s s  o f e le c t ro n  energy 
to  th e  f o i l  e lem ent must be d e te rm in ed . A s im i la r  s e t  of c a lc u la t io n s  
have been c a r r ie d  o u t by Dutov e t - a l  [2] f o r  e le c t r o n  e n e rg ie s  in  th e  
range 100-250keV u s in g  a  Monte C arlo  s im u la tio n . Those c a lc u la t io n s ,  
however, a re  con fin ed  to  CO^-N^-He m ix tu re s  a t  p re s s u re s  of around one 
atm osphere, and based on d isch a rg e  tube d ia m e te rs  o f about 10cm. The 
fo llo w in g  c a lc u la t io n s  a re  based on gas c e l l s  c o n ta in in g  pure  helium , 
neon o r argon.
The energy ( a E )  l o s t  by an e le c tro n  p ass in g  through a s la b  of 
m a te r ia l  of d e n s ity  ( j O )  and th ic k n e s s  ( a x )  i s  g iv en  by
AE = 1  m . A x ( a .  1)
w ith
[eV .cm ^.g"^]
w here i s  th e  s to p p in g  power of th e  m a te r ia l ,  which i s  a fu n c tio n  of 
th e  e le c tro n  energy (E ). The t o t a l  p e n e tr a t io n  dep th  in to  th e  medium
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(X^) o f  e le c t ro n s  w ith  i n i t i a l  energy (E^) can be found by ta k in g  th e  
in t e g r a l  of ( a .1 ) :
= I ( k e .^ .8 p ) " 1  dE ( a . 2)
w ith  ke = 2
w here (ke) i s  a  'S t r a g g l in g  f a c t o r ' ,  a c o n s ta n t v a lu e , which i s  
in c lu d ed  to  ta k e  in to  account th e  z ig -z a g  p a th  fo llow ed  by e le c tro n s  
t r a v e r s in g  th ic k  t a r g e t s  [33- The S tra g g l in g  f a c t o r  acco u n ts  f o r  
m u lt ip le  s c a t t e r in g  o f th e  e le c t ro n s  in  bo th  th e  gas and m eta l f o i l ,  
and th e  c a lc u la t io n  i s  th e n  s im p l if ie d  to  m otion in  one d im ension. 
T herefo re , in d iv id u a l  e l a s t i c  and i n e l a s t i c  c o l l i s io n s  a re  no t 
co n sid e red , and th e  a t te n u a t io n  i s  c a lc u la te d  on th e  b a s is  o f a 
con tin u o u s l o s s  o f e le c t ro n  energy . This type of model i s  known as  a 
'c o n tin u o u s  slow ing down ap p ro x im atio n ' (CSDA).
T abulated  v a lu e s  of th e  s to p p in g  power f o r  e le c t ro n s  of e n e rg ie s  
between 10keV and 1MeV a re  a v a i la b le  [4] and p e n e t r a t io n  dep th s in to  
helium , neon and argon have been c a lc u la te d  from eq a . 2, as  a  fu n c tio n  
o f i n i t i a l  e le c tro n  energy E^ and gas d e n s ity  |0 ( i n  mb). The r e s u l t s  
a re  shown in  f i g s  a . 2, a . 4 and a . 6 . In  p r a c t ic e ,  th e  in d iv id u a l  
e le c tro n s  have d i f f e r e n t  c o l l i s i o n  case  h i s t o r i e s ,  so th e  ran g es  
c a lc u la te d  h e re  r e p re s e n t  average v a lu e s . The e le c t r o n  energy and gas 
p re s s u re  must be chosen so t h a t  th e  p e n e tr a t io n  depth  m atches th e  
d iam ete r of th e  g a in  tube ( ty p ic a l ly  1-2cm f o r  a  m etal v a p o u r /ra re  gas 
l a s e r ) .  A s im i la r  range c a lc u la t io n  has  been c a r r ie d  ou t to  e s tim a te  
th e  t r a n a n is s io n  e f f ic ie n c y  (£ ) o f  e le c tro n s  througjti th in  t i ta n iu m  
f o i l s  o f v a r io u s  th ic k n e s s e s .  T his e f f ic ie n c y  i s  p lo t te d  in
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f i g s  a . 3, a .5 and a . 7, to g e th e r  w ith  th e  coup ling  e f f ic ie n c y  (r|) of 
e le c tro n  energy in to  th e  gas co n ta in ed  w ith in  a  2om d iam eter tu b e . 
Titanium  i s  o f te n  used as  a window elem ent in  p re fe re n c e  to  s te e l  o r 
aluminium f o i l s  s in c e  i t  h a s  a h ig h e r  t e n s i l e  s tr e n g th  f o r  a  g iv e n  
beam a t te n u a t io n .  B ay less  e t - a l  r e p o r t  an ex p erim en ta l f ig u r e  of 
(50+6)^ f o r  th e  tra n sm is s io n  e f f ic ie n c y  o f lOOkeV e le c t ro n s  through a 
13.8 m icron ti ta n iu m  f o i l .  T his ag ree s  w e ll  w ith  th e  f ig u r e  of 51% 
c a lc u la te d  h e re .
The th in n e s t  f o i l  elem ent which can be used f o r  p r a c t ic a l  rea so n s  
i s  about 10 m icrons. T his th ic k n e s s  of f o i l  i s  s u f f i c i e n t  to  
w ith s ta n d  a p re s su re  d i f f e r e n t i a l  of about 500rab. E le c tro n s  w ith  
e n e rg ie s  g r e a te r  th a n  about 60keV a re  re q u ire d , th e re fo re ,  to  
p e n e tra te  th rough a  10 m icron f o i l .  For e f f i c i e n t  energy coup ling  to  
th e  gas, an e le c t r o n  must have an energy low er th a n  about 20keV, 
p re fe ra b ly , in  th e  case  of he lium . In  neon, th e  coup ling  i s  e f f i c i e n t
below about 30keV and in  argon, below about 40keV. An o v e ra l l
e f f ic ie n c y ,  which i s  th e  r a t i o  of coupled energy to  th e  i n i t i a l
energy , a ls o  has been c a lc u la te d  as  a fu n c tio n  of e le c t r o n  en e rg y .
T his i s  shown in  f i g s  a . 3 , a . 5 and a . 7 fo r  a  f o i l  th ic k n e s s  o f 10 
m icrons, a 2cm gas c e l l  d iam ete r, and a  gas p re s s u re  of SOOmb. The 
r e s u l t in g  sh a rp  peak in  e f f ic ie n c y  around 65-7OkeV i s  found f o r  a l l  
th r e e  r a r e  g a s e s . E le c tro n s  of t h i s  energy lo s e  about 40keV d u rin g  
t h e i r  passage through th e  f o i l  and subseq u en tly  emerge w ith  energy of 
about 20keV, th e reb y  en ab lin g  them to  couple e f f i c i e n t l y  w ith  th e  
g a s . However, a dev ice  o p e ra t in g  around t h i s  sm all energy range i s  
s u s c e p t ib le  to  f o i l  damage through s u b s ta n t ia l  h e a tin g  by th e  beam i f  
run  co n tin u o u s ly . M etal f o i l s  of t h i s  th ic k n e s s  cannot r a p id ly  
d i s s ip a t e  h e a t th u s  le a d in g  to  la rg e  in te r n a l  tem p era tu re  g r a d ie n ts  
and s t r u c tu r a l  s t r e s s e s .
1 2 5
The c o n c lu sio n  reached  from t h i s  a n a ly s is  i s  th a t  th e  o v e ra l l  
e f f ic ie n c y  of t h i s  scheme i s  low in  th e  case of helium , re ac h in g  a 
peaic of about 18?5 around a sm all range of e le c tro n  e n e rg ie s .  For neon 
and argon, th e  o v e ra l l  e f f i c i e n c i e s  a re  g e n e ra lly  h ig h e r, and peak a t  
35^ and 44^ r e s p e c t iv e ly ,  w ith  th e  peaks ex ten d in g  o v er a somewhat 
b ro ad er range of e n e rg ie s .  Both f a c to r s  r e f l e c t  th e  g r e a te r  
a t te n u a t io n  of e le c t r o n  energy by th e se  h e a v ie r  g a se s . T h ere fo re , 
argon g as  i s  b e t t e r  s u i te d  to  work as  a l a s e r  medium th an  a  
he lium /m eta l vapour m ix tu re . However, such a dev ice  i s  probably
l im ite d  to  o p e ra tin g  in  a  p u lsed  mode.
F in a l ly ,  e le c t r o n s  w ith  energy somewhat h ig h e r  th an  th a t  
co rrespond ing  to  th e  pealc e f f ic ie n c y  a re  re q u ire d  f o r  two re a so n s .
F i r s t l y ,  th e  tra n sm is s io n  lo s s e s  through th e  f o i l  d ec re a se  q u i t e  
ra p id ly  w ith  in c re a s in g  e le c t r o n  energy in  th e  range 70-100keV ( th u s  
red u c in g  f o i l  dam age). Secondly, e le c tro n s  which oversh o o t th e  gas 
medium prov ide more uniform  e x c i ta t io n  of th e  gas volum e. E le c tro n s  
w ith  e n e rg ie s  in  th e  range 6 0 -7OkeV, co rrespond ing  to  th e  le a d in g  edge 
of th e  o v e ra l l  e f f ic ie n c y  cu rve , do no t produce e x c i ta t io n  a c ro s s  th e  
f u l l  2cm gap.
E le c tro n  beam e x c i ta t io n  of a  helium /m eta l vapour m ix tu re  u s in g  
e le c tro n s  o f e n e rg ie s  in  th e  range (lO-IOOkeV) in  c o n ju n c tio n  w ith  a 
th in  10 m icron ti ta n iu m  f o i l  window and a g a in  medium of 2cm w id th , i s  
shown to  be i n e f f i c i e n t .  P robably l e s s  th a n  about 10# o f th e  beam 
energy i s  coupled in to  th e  l a s e r  g a s . However, u s in g  th e  same g en e ra l
scheme w ith  argon gas a s  a g a in  medium, i t  i s  shown th a t  a  p u lsed  o r
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Fig a . i .  T ran sv erse  e-beam pumping o f a gas l a s e r .  E le c tro n s  a re  
g en e ra ted  by secondary em issio n  in  th e  e-gun, and th e  c o n tro l 
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Fig  a . 2 . P e n e tra t io n  dep th s o f f a s t  e le c t ro n s  in  helium  as a 
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F ig  a . 3 . ( i )  Coupling e f f ic ie n c y  (r|) o f e le c tro n s  to  a helium
c e l l  2cm wide, w ith  p re s su re  as  a p aram eter, ( i i )  T ransm ission  
e f f ic ie n c y  (6 ) o f  e le c t ro n s  th rough th in  ti ta n iu m  f o i l s ,  w ith  
f o i l  th ic k n e s s  as  a  p aram eter. ( i i i )  O v e ra ll coup ling  
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Fig a . 4 . P e n e tra t io n  dep th s o f f a s t  e le c tro n s  in  neon as a 
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F ig  a . 5. ( i )  C oupling e f f ic ie n c y  (F)) o f f a s t  e le c t ro n s  to  a gas
c e l l  o f neon, w ith  p re s su re  as a p aram eter, ( i i )  T ransm ission  
e f f ic ie n c y  (6 ) in  th e  ti ta n iu m  f o i l s ,  ( i i i )  O v e ra ll coup ling  
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Fig a . 6 . P e n e tra t io n  d ep th s  o f f a s t  e le c tro n s  in  argon as a 






















F ig  a . 7 . ( i )  Coupling e f f ic ie n c y  (R) o f e le c tro n s  to  a gas c e l l
o f argon, w ith  p re s su re  as a p aram eter. ( i i )  T ransm ission  
e f f ic ie n c y  (& ) i n  th e  tita n iu m  f o i l s ,  ( i i i )  O v era ll coup ling  
e f f ic ie n c y .
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Appendix I I . 1
The Inelastic■■■C_Qllision Crosa~Seotions_in_.Helium
The c r o s s - s e c t io n s  developed by Alkhazov Cl] which have been used 
in  t h i s  study a re  g iv en  below. The energy u n i t s  used th roughou t a re
Rydbergs (13.6eV) and th e  c ro s s - s e c t io n s  a re  g iv en  in  u n i t s  of 
“ 16 2lO” cm u n le s s  o th e rw ise  s ta t e d .
1, The io n i s a t io n  c r o s s - s e c t io n  Q^(E)
The c r o s s - s e c t io n  f o r  io n i s a t io n  a t  e le c t ro n  energy E i s  g iv en  by 
th e  fo llo w in g  e x p re s s io n :
Q .(E) = 8 .b r
^ E.F(E)
( n  ( i - i i -  1 in  E l+ /1-I?\M 2ln(d+[C . (E-I„ ( a . 3)
I 1,1 E/ E+W I„ 1 12/ j
F(E) = 1+A 1+(A/E)
E 1+(BE)
where 1^=1.8079, Mf=0.49, d=1.6, C^=0.15, W=67.7, A=5.34, B=0.027, and
br=0,8791 a re  a l l  c o n s ta n ts .
2 . The d i f f e r e n t i a l  c r o s s - s e c t io n  6g(G)
This i s  re p re se n te d  by th e  fo llo w in g  e x p re s s io n :
M ?I?ln(d+[C (E-I, )]^2)) ( a .4 )= 8 ( 1 + 1 — E+I, 1 + 2 "1 + j l 'E.F(E){ E2 ef E+W EE, £2 e3
E,= E+I-E , F(E)= 1+(W/E)
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The u n i t s  of E) a re  s e t  a r b i t r a r i l y  and in  a l l  c a lc u la t io n s ,  a
norm alised  v e r s io n  of e q , ( a .4 )  i s  used .
3 , The e x c i ta t io n  c ro s s - s e c t io n s
E le c tro n -im p a c t e x c i ta t io n  from th e  helium  ground s t a t e  to  th e
1 1 1 3  3 3s t a t e s  np P, ns S, nd D, n s  S, np P and nd D a r e  co n sid ered  h e re  and
on ly  le v e ls  whose c r o s s - s e c t io n s  a re  more th an  1# o f  th e  peak of Q^(E)
around ^lOOeV a re  ta k e n  in to  acco u n t. The c r o s s - s e c t io n s  f o r  
1e x c i ta t io n  to  np P s t a t e s  a re  g iv en  by th e  fo llo w in g  e x p re ss io n :
Q 1 (E) = H .br [1_((U n^p)2/E2 )]  f  , ln [d '+ C '(E -U  O ]  ( a .5 )  np p E.U^pip.Q(E)
G(E) = 1+A.» 1+(B '/E ) 
E 1+(D»E}^
where A*=0.96, B '= 1 .3 , C*=0.65 and D '=0.05 a re  c o n s ta n ts , a r e
th e  e x c i ta t io n  th re s h o ld  p o te n t ia l s  [2] and f^^ ^ p  a re  th e  o s c i l l a t o r  
s t r e n g th s  f o r  th e  t r a n s i t i o n s .  The v a lu e s  of U^^jp and f^ ^ jp  used  a re  
ta b u la te d  below:















The c ro s s - s e o t io n s  f o r  e x c i ta t io n  to  th e  o th e r  atom ic s t a t e s  a re  
re p re s e n te d  by th e  fo llo w in g  s e r i e s  of e x p re s s io n s :
‘n s ‘S
ns %
= 4 B d ( 1 - U n d s / E )
Uns1S E
= 4 Bn ( 1 - U n d h / E )
^nd^D ( B + W o )
= 4 Bn ( 1 - U n ^ k /B )£3
= 4  Bn (1 -U n d 3 h /E )
^nd^D EM E+Und3d)
= 4  Bn (1 -U n p 3 p /E )
Unp3p (B + U ^ 3 P )'
(a .6 a )
(a .6 b )
(a .6 c )
(a .6 d )
(a .6 e )
The param eter fo r  each group of le v e ls  i s  g iv en  by
B = b r ( B /n^ ) ( a . 7)n  ^ o
V alues o f U and B a re  g iven  in  ta b le  a . 2 below n l L o
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np3p 3p3p 1.6940 10.8
4p3p 1.7456
nd^D 3d^D 1.7477 1.24
4d^D 1.7702
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D iagram s’ , vo l I ,  (1975)
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Appendix I I . 2
The s im u la tio n  o f e le c t r o n  m otion in  th e  cathode re g io n s  o f a  
helium  - glow d isch a rg e  has been c a r r ie d  o u t u sing  two F o r tra n  
programmes. The f i r s t ,  ’d a rk s p i . f o r ' ,  perform s c a lc u la t io n s  o f th e  
e le c tro n  f lu x  in  th e  Cathode dark  space. The second, ’h e r a n g e l . f o r ’ , 
i s  used f o r  c a lc u la t io n s  in  th e  N egative glow. ” M odified v e r s io n s  o f 
th e se  two programmes have oeen used to  c a lc u la te  a  number of d isc h a rg e  
p a ram ete rs . The number o f c a lc u la t io n s  perform ed by th e  programmes 
in c re a s e s  when h ig h e r v a lu e s  o f th e  Cathode f a l l  a re  s e le c te d  
i n i t i a l l y .  The maximum p ro c e ss in g  tim e on th e  S t Andrews VAX 11/780-5 
com puter i s  one hour. T his l i m i t s  th e  s e le c t io n  o f th e  Cathode f a l l  
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Fig a . 8. The p ro c e ss in g  tim e f o r  th e  programmes 
’ darks pi . f o r ’ (Ba ) and ’herange l . f o r ’ (<^) f o r  s e le c te d  v a lu e s  of 
th e  Cathode f a l l .






real qextot, fei, qr2(5000) ,qion, qsig, 12, qrl (5000)
real bohr, cons, temp, na,un1p(5) ,fn1p(5), a, b, c, d, ds,un1s(5)


























SELECT ELECTRON ENERGY E 























if(ex,lt.ors) goto 21 
































un3p(3)=1. 6 9 4  un3p(i}) =1 . 7 4 5 6  
qn3p=0.0
do 24 j=2,4 
crs=un3p(j) 

























qexto t=qn1s+qn1p+qn3s+qn3p+qn3d+qn1 d 
qlon=0.0



































do 10 j=1,300 
eps( j)=epj+de1 
epj=eps( j)
if (epj .It .de2) goto 13
jo=jgoto 11
13 ei=ex+io-epj








10 end do 
j 0=3 01
11 do 12 j=1,300 




















do 47 x=1,ra 
f5(x)=f(x) 
o write(8l,52) e(x),f5(x)
47 end do 
d1=0.835 
m2=ra-15 
0  write(81,50) m
o write(83,50) m2
c write(84,50) m2
0  write(85,50) m2
c write(87,50) m2
c write(88,50) m2
do 30 r=1,ra2 
xm=r+13 
sum1=d1“po 





























xv=xv-3if(xv.lt.l) goto 35 
do 3 6  j=1 , 3 0 0  






3 6  end do
35 end do










3 2  end do
f(1)=0.0
fetotzfetot/ftot 
c write(8 7 ,52 ) pen(r),fetot
mtot=ftot/10.0 







if(ro,ne,1 3 4 ) goto 30 





















H E R A N G E 1 . F 0 R
real fun, roo, nmin, ici, ionl, ion2, ion]real po,ors,dfx,dsum,pen(5000),ion(5000),exc(5000)
real ex,ftot,r1,e(5000),np,sumi,swn2,sum],ge,qnip
real bn,energy(5000),qnis,dx(5000),qi(5000)
real qextot, fei, qr2(5000) ,qion,qsig, i2, qrl (5000)
real bohr, cons, temp,na, un1p(5) ,fn1p(5), a, b, c, d, ds, unis(5)




























SELECT ELECTRON ENERGY E 


















do 21 j=1,4 
ors=un1p(j)











21 end do [
un1s(2)=1.5179 |un1s(3)=1.6876 j






























































































sum8=svm8+( 1/ (epj *%3) ) 










11 do 12 j=1,300






do 29 x=1,m 
read(60,55) f(x)
2 9  end do
xm=m
dfx=1.Oe-6 






if(xm.eq.22) goto 43 
























if (xv.lt.23) goto 35 f(xv)=f(xv)+dex 
xv=xv-3
i f (xv.lt.23) goto 35 
do 36 j-1,300 foxj=fo(x, j) 
if(foxj.eq.0.0) goto 35 
fl=fo(x,j)*dion 
f(xv)=f(xv)+fl 







if(ftot.eq.O.O) goto 34 









38 if(ioni.gt.ionB) goto 30
k1=1.0
30 continue













Appendix I I I
The fo llo w in g  p ap e rs  have been p u b lish e d  du rin g  th e  course  of 
t h i s  work.
ELECTRON BEAMS FROM GLOW DISCHARGE 
ELECTRON GUNS IN HELIUM
R.J.Carman and A.Maitland 
Dept of Physics, University of St Andrews, North Haugh, 
St Andrews, Fife, Scotland. KYI6 9SS
We have investigated the characteristics 
of glow discharge electron guns generating 
beams of electrons at several IceV in helium 
at 1-6rab pressure. Electron guns of 
similar design have been used by Rocca 
et-al to pump metal vapour/rare gas 
mixtures and generate laser action at a 
number of wavelengths in the visible region 
[1],[2]. These guns can be used to excite 
the active medium of the laser directly 
without using differential pumping of the 
laser and gun regions, or thin foil window elements. Rocca et-al have reported an 
output power of 1.2W Qf from an e-beam 
pumped helium/zinc laser, which represents 
a ten-fold increase in power over that obtained from a hollow cathode He/Zn laser 
[3].Cold cathode electron guns employing an 
internal cavity as a source of low energy 
electrons can generate collimated electron 
beams in low pressure argon (O.OImb) as 
discussed by Boring and Stauffer [4]. 
Measurements in low pressure hydrogen (O.imb) have been reported by Popa et al 
[5]. We have investigated a similar effect 
in helium at a few mb pressure when a 
distinct e-beam can be derived from a small 
hole drilled in the cathode face. The beaming phenomenon is examined for a range 
of hole sizes and gas pressures, and for a 
few multiple hole e-guns in helium.
JlxRe£lmeiifcal-.arj.anR.ejiiei^
The discharge cell used is shown in 
Fig.1 and consists of a quartz tube 300mm 
long, 65mm I.D., held between two stainless 
steel end-flanges. The cathode assembly is 
fitted into one end-fiange and is isolated 
from it by a quartz spacer. The stainless 
steel electron gun is interchangable and 
held in a stainless steel support-raount 
which can be withdrawn from the rear of the 
flange. The discharge is confined to the 
front surface of the electron gun, which is 
6mm in diameter, by an aluminium shield which is placed close to the cathode body 
with a gap of about 0.5mm to prevent 
breakdown. The anode is a tungsten pin set in a side limb in the quartz tube and, together with the end-flanges, is held at 
earth potential. The cathode assembly
carries a negative potential of a few kV. 
The cell is evacuated by a diffusion pump 
before U.H.P. helium is admitted, via a 
needle valve, to maintain a flow of gas 
through the cell for the .duration of the 
experiment in order to purge impurities.
The discharge is 'operated in the 
•abnormal' glow regime with only the 
cathode dark space (CDS) and negative glow 
(NG) regions present. The anode is located 
in the faraday dark space (FDS) and under 
these conditions, the tube voltage is equal 
to the cathode fall voltage, with a small 
correction for the anode sheath voltage.
The generation of electron beams from drilled cathodes was investigated using a wide range of hole sizes from 1-5mm in 
diameter and 1.5ram-21mm in depth. The 
characteristics of an ordinary plane
cathode were also recorded for comparison. A typical set of V-I characteristics are 
shown in Fig.2 and two modes of operation
are revealed, in agreement with the
observations of Rocca et-al [1]. In the 
high impedance or beam mode, an electron 
beam is generated and a narrow beam 
filament is seen to stretch from the hole 
aperture, through the CDS and into the NG. 
There is also a dim internal plasma in the 
hole cavity which is considerably less 
intense than the NG. A critical point is 
reached however, when the discharge 
impedance suddenly drops, the beam
production ceases, and the NG extends into 
the hole producing an intense glow which is 
the well known •hollow cathode' discharge. 
Beam production from the larger holes, of 
diameter 4mm and 5mm, was only observed at relatively low pressure, in the range
1-2mb. Beam collimation is also seen to 
degrade for all guns as the pressure is 
increased beyond 3-4mb.
Comparison between different e-guns is complicated by the presence of edge effects 
around the cathode perimeter which must be 
taken into account when comparing the V-I 
characteristics. The characteristics of 
the plane cathode are therefore used as a 
baseline and the ratio (r|) of the discharge 
current derived from the drilled and plane cathodes is calculated for identical values 
of the pressure and cathode fall. The
ratios shown in Fig.3 for a 3mm diameter 
cavity of depth 15mm, demonstrate that more 
current may be derived from the drilled cathode than from the simple plane type. 
Between Imb and Brab, the current ratios are similar and at around 1-5kV, there is a 
sharp increase in ((]), which rises to a 
factor of 5 at around 3kV. At higher
pressures, the rise in (fj) occurs at a 
progressively lower cathode fall. The same 
behaviour is observed for hole diameters of 2mm and 4mm. For 1mm, no discernable 
variation of (r)) could be identified whilst 
at 5mm, the current ratios are much larger, 
but are observed only over a small range of 
low cathode fall voltages.
A further series of current ratios have 
been calculated for cavities of diameter 
3mm, with different overall depths. The
results are depicted in Fig.4 for Imb
pressure. The current ratios are again
similar in size at low voltages and
increase sharply at around 1,5kV. However, 
a saturation effect can be clearly 
identified with the shallower holes 
saturating first. The e-gun of depth 10mm 
is beginning to saturate at about 3kV, The 
same saturation effect is observed, using 
the same set of guns, at all pressures up 
to 4mb.
Several types of multi-hole guns were 
also investigated and in all cases, e-beams 
were produced from the separate cavities 
simultaneously. The characteristics of
these guns are broadly similar to those 
with single cavities.
When an electron gun operates in the 
beam mode, the region of high electric 
field in the CDS is located in front of the 
hole aperture and the expected 
equipotential distribution is shown in
Fig.5. The distortion of the electric
field at the hole entrance depends on the 
ratio of the CDS thickness to the hole
diameter, and the electric field acts as an 
electron lens. Electrons are released from 
the cathode face and the hole wall by
secondary emission processes caused by 
particles and photons from the NG. 
Electrons released from the hole wall are 
accelerated by the field at the wall and 
are drawn into a region around the hole 
axis. On passing into the CDS, they are 
further accelerated to form the e-beam. 
The beam direction is determined by the 
fields in the CDS and is essentially normal 
to the cathode surface (Fig.6), The 
internal plasma is partially sustained by 
inelastic electron collisions which 
generate Aetastables, electron/ion pairs 
and UV photons which may produce further
secondary emmission. As the beam discharge 
approaches the transition point at which it changes into a hollow cathode discharge,the gradient of the V-I characteristic
(Fig.2) increases rapidly and is
accompanied ’ by a rapid rise in the ratio 
( n ) just before the transition point is 
reached (Fig.3)*The fact that currents drawn from
cathodes with holes are greater than those 
drawn from a plane cathode (Fig.3 and 
Fig.4) implies that the secondary emission 
processes are more efficient in holes. As 
to a possible reason for this we note the 
following;
1. Charged particles are likely to 
collide with the walls of the hole at 
glancing angles. Such impacts are known to 
have larger (^f) values than do impacts at 
normal incidence [6]. ^
2. Production of species such as He ,
HSg, and UV photons may be greater in a
hole than at a plane cathode surface. Such 
species are known to produce secondary electrons and an increased production rate would naturally lead to increased electron 
emission.
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Fig.2. V-I characteristics for a 
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(54) A p p a ra tu s  fo r  fo rm in g  e le c t ro n  b e a m s
(57) An envelope co n ta in ing  o g a s  filling in c lu d e s  a c a th o d e  3 hav ing , ex cep t for o n e  or m ore  portions 
or (as show n) n o tes 5 fo rm ed  In a front su rface  th e reo f, all su rfaces w hich  w ould  o therw ise  b e  exp o sed  
to the  g as filling covered  w ith  on electrically  Insu la ting  m aterial, such  a s  g la ss , ortd on a n o d e  9  such  
th a t upon  application  of o su itab ly  h igh  vo ltag e  b e tw ee n  the  ca th o d e  en d  an o d e  an  e lec tron  b eam  Is 
form ed d irec ted  aw ay  from  th e  fron t su rface  o f th e  ca th o d e . A grid  1 1 , a lternatively  lo ca ted  In hole 5, 
m o d u la te s  the  b eam ; the  a n o d e  m ay  b e  lo ca ted  b eh in d  the  front su rface  o f th e  c a th o d e , a n d  still form  
a b eam  In front of th e  front su rface . Fig. 18  sh o w s su c h  an  a rran g e m en t In w hich  th e  an o d es  and  
ca th o d es  form  an  ad d re ssa b le  c ro sse d  m atrix . T he fron t ca th o d e  su rface  m ay  b e  ob lique w ith  re sp e c t to  
the  hole or ho les there in  (Fig. 2 0 )  o r m ay  b e  cu rv ed  (Fig. 2 1 ) to  form  a p lurality  of b e a m s fo cussed  to 
a poin t. The ap p a ra tu s  m ay co m p rise  a CfIT d isp lay  w h en  provided  w ith  a p h o sp h o r layer 2  o r m ay  be  
u sed  for e lectron  b eam  w eld ing . The d e sc rib ed  b eam  a rran g em en t can  form  th e  c a th o d e  of th e  
thyratron  (Figs. 2 2 - 2 4 )  or c a n  bo u se d  to  h e a t a se p a ra te  therm ion ic  c a th o d e  o r can  bo u se d  to  Ionise 
tho g a s  filling locally in fron t of a  co n ven tiona lly  h e a te d  th y ra tron  c a th o d e . M aterials o f e lec tro d es  an d  
g as filling are  g iven .
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SPECIFICATION
A pparatus for forming oloctroti beam s
5 This Invention re la tes to opporo tus for.form ing 
e lectron b eam s, en d  to  ap p a ra tu s  requiring 
tho form ation of e lectron  b eam s, such  os, for 
exam ple, d isplay dev ices en d  thyra trons.
The p resen t Invention seeks to  provide Im- 
1 0  proved ap p ara tu s  for forrning e lec tron  b eam s.
A ccording to a first asp ec t of tho  InventI.on 
there is p rovided ap p a ra tu s  for form ing on 
electron  b eam  com prising , w ithin  on enve l­
ope, on an ode  m em ber; a ca th o d e  m e m b er or 
15 electricolly conductive  m aterial; a n d  a gas  
filling, and  w herein , except for part of a front 
surlnco of said  ca thode  m em ber, a t least su b ­
stantially tho w hole of tho su rface  of said  
ca th o d e  m em ber w hich w ould  othorw lso be  
2 0  exposed  to  the  g a s  filling w ith in  sa id  envelope 
Is covered  w ith an  electrically Insulating m a­
terial; th e  w hole a rran g em en t being  such  th a t 
upon  tire oppficatiôn of a su itab ly  h igh  vo ltage  
betw een  said  anodo m em b er and  said  ca th o d e  
2 5  m em ber on electron beam  is form ed ex tensive 
in a d irection aw ay from  said  p a rt of said  front 
surface. '
According to a second  a sp ec t of tho Invert-' 
(ion there  is provided  ap p a ra tu s  for form ing 
3 0  on electron b eam  com prising , w ilh in  an  envbl- 
opo, on an ode  m em ber; tJ ca tftodo .m em ber of 
electrically conductive m aterial an d  hav ing  o 
hole In a front su rface  thereof; a n d  a gas 
filling, and  w herein , excep t w ithiri sa id  ho le,
3 5  at least substan tially  the  w hole of th e  siirfaco 
of sa id  cattiodc  m em ber w hich  w ould  o th e r­
w ise be  exposed  to the  g as filling w ith in  sa id  
envelope Is covered  w ith  an  electrically Insu ­
lating m aterial, the w hole a rra n g em e n t being  
4 0  such  (hat up o n  the  applica tion  of a su itab ly  
high voltage b e tw een  sa id  an o d e  m em b er an d  
said catfiodo m em ber an  e lec tron  b eam  Is 
form ed ex tensive In a d irec tion  aw ay from  
said  hole.
4 5  A ccording to a th ird  asp ec t of tho  Invention,
• the  anode  m em ber Is located  In front of tho  
front surface of the  ca th o d e  m em ber.
Preferably a contro l grid e lec tro d e  is In­
c luded  th rough  w hich  o pera tion  th e  e lectron  
5 0  beam  p asses , enab ling  the  In tensity  o r en erg y  
of the  e lectron  b eam , to bo m od u la ted .
Preferably  tho ap p ara tu s  inc ludes a plurality  
of e longate  ca th o d e  m em b ers  a rran g ed  In a 
grid form ation, and  0  plurality of c longato  
5 5  anode  m em bers a rran g ed  in a grid  form ation  
with said  grid of anodo  m em b ers  su p erim ­
p osed  over said  grid of c a th o d e  m em b ers, b u t 
spaced  therefrom , w ith  said an o d e  m em b ers  
in crossing re la tionsh ip  w ith  sa id  ca thode  
6 0  m em bers to form  a m atrix, each  of said  ca tti­
odc  m em bers having  a series of ho les en te r­
ing into its surface  facing said  grid of an ode  
m om bors an d  each  of said  anodo  m om bors 
having a sorios of ho les p ass in g  th e re th ro u g h , 
6 5  w ith each  tiolo In an  an o d e  m e m b e r a lig n ed  -
w ith a hole In a d ifferent one of tho cathode  
m om boré, and  all su rfaces of said  cathode  
m om bors, excep t for surfocos w ithin said 
ho les In said  ca th o d e  m em bers, w hich w ould 
7 0  otherw ise bo exp o sed  to said  g a s  filling are 
Isolated  therefrom  by  electrically insulting m a­
terial. end  tho Wholb a rran g em en t being  sucti 
th a t by apply ing  a h igh  poten tia l be tw een  o n e  
of said an ode  m om bors and  on e  of said cath- 
,7 5  ode  m om bors an  e lectron  beam  Is form ed at 
the  crossing  point of said  last-m en tioned  tw o 
m em bers, said  e lectron  beam  being  extensive 
In tho  space  be tw een  the  m outh  of th e  ho le In 
tho ca thode  m em b er at said  c rossing  poin t 
8 0  an d  sa id  a n o d e  m em ber, said  b eam  being
arranged  to  p en e tra te  th rough  tho co rresp o n d ­
ing hole In said  ad d re sse d  an o d e  m em ber.
It will bo ap p rec ia ted  th a t by su itab ly  ad ­
d ressing  se lec ted  o n es  o f sa id  an o d e  and  
8 5  ca thode  m om bors an  e lectron  b c a n i'rn a y  b e  
c rea ted  w hich , by varying th e  so lectidn  of 
anodo  a n d  ca th o d e  m em bers a d d re sse d  m ay 
be  cau se d  to  b e  an im ated .
Preferably, Insulating m aterial Is in te rposed  
9 0  b e tw een  sa id  grid  of ca th o d e .m o m b o rs  an d  
said  grid of an ode  m em b ers , w hich  insu la ting  
m aterial h as p a ssa g e s  th e re th ro u g h  a ligned  
w ith said  ho les In said  ca th o d e  a n d  an o d e  
m em bers w hereby  to  perm it co rnm unication  
9 5  be tw een  one  ca th o d e  hole and  th e  ap p ro p ria te  
an ode  hole bu t im pede com m un ica tion  b e ­
tw een  th a t ca tfiode hole an d  any  o th e r  anodo  
hole.
Preferably, said  last-m en tioned  In tc ,p o sed  
t o o  insu lating  m aterial Is p rov ided  In tho  form  of a 
s lab  having ho les ex tend ing  b e tw een  Its m a |o f  
su rfaces an d  form ing th e  said  p a ssa g e s .
A contro l grid e lec trode m ay  be  loca ted  on 
the  s ide  o f th e  grid of an ode  m e m b ers  o th e r 
f 0 5  tlian  th a t on  wfiich the  grid of catfiodo  m em ­
bers is located , or alternatively  It rnay be  
located  be tw een  the  grid  of catfiodo  m em b e rs  
and  th e  grid of an ode  m em bers, a n d  w h ere  
Insulating m aterial Is In terposed  b e tw e en  th e  
1 1 0  ca th o d e  and  an o d e  grids the  contro l grid
e lec trode m ay be e m b e d d e d  In (fie In terposed  
Insulating m aterial.
The an ode  m em b er m ay be  to  o n e  side  of 
the  axis of tho e lectron  b eam  fo rm ed  In oper- 
1 1 5  atlon , such  tha t said  beam  p a s se s  by said
an o d e . It h as  b een  found by tho  Inventors th a t 
the  e lectron  beam  m ay  be  form ed a long  th e  
axis of (he liole even  th o u g h  (lie a n o d e  m e m ­
b er is d isp laced  to th e  side of Its p a th .
1 2 0  A ccording to a forth asp ec t of tho Invention 
the  an ode  m em b er Is located  beh in d  sa id  
front su rface  of tho ca th o d e  m em b er, an d  
aga in  in th is configura tion  the  e iec tron  b eam  
m ay be form ed a long  the  axis of tho hole .
1 2 5  ra ther th an  along tho sh o rte s t p a th  b e tw een  
the  a n o d e  and  c a th o d e  m em b ers .
P referably  tho nno d e  m em b er Is co-axial 
w ith  tho ca th o d e  m om bor. P referab ly  a  g rid  Is 
Included  th rough  w hich  in o p e ra tio n  (lie clcc- 
1 3 0  Iron b eam  p asse s , en ab ling  it to  bo m o d u la ted
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în în tonsjty o r energy , a lth o u g h  of courso , this 
m ay bo ochlovod by vary ing  tho h igh  voltago 
botw con tho anodo a n d  ca thodo  m om bors.
Preforobly thoro aro Includod a plurality  of 
5 c longato  anodo m om bors, oacl) hav ing  apor- 
tu rcs there in ; an d  a plurality  of stom m od 
cathodo m om bors, oach  hav ing  a ho le in tho 
front surface  tlicrcof an d  a rran g ed  such  th a t 
its stem  ex tends th ro u g h  o n e  of sa id  opcr- 
10 tu res, such  th a t e ach  an o d e  m em b er is lo- 
cotod beh ind  tho front su rfaces of ca th o d e  
m em bers w hoso  s te m s  p a ss  th ro u g h  a p e rtu res  
in said  anodo m em ber, w hereby  by app ly ing  a 
high poten tial b e tw ee n  on an ode  m em b er a n d  
1 5 one of the  ca thodo  m em bers ex tend ing
liu o u g h  on ap e rtu re  there in  on e lec tron  b eam  
is form ed ex tensive In a d irection  aw ay from 
tho hole In sa id  one  o f the  ca th o d e  m em bers. 
As previously  desc rib ed  w here  tiro grid of 
2 0  nnode m em bers ore located  In front of the  
grid of c a th o d e  m em b ers, by ad d re ss in g  s e ­
lected  ca thodo  and  anodo  m em bers on e lec ­
tron b eam  m ay be form ed In a d esired  loca­
tion, or n u m b er of su c h .b e a m s form ed sim ul- 
2 5  taneously  If ca thodo  m em b ers  m ay  b e  Indivi­
dually add ressed .
Preferably a co thode  m em b er ex tend ing  
th rough  an ap e rtu re  In on e  an o d e  m em b er Is 
electrically co n n ec ted  to  a n o th e r  ca thodo  
3 0  m em ber ex tending  tlrrougfi an  ap e rtu re  in 
ano ther anodo m em b er an d  also preferab ly  a 
connec to r co nnec ting  tw o ca th o d e  m em b ers  Is 
sp aced  from tho an o d e  m em b ers  by e lec tri­
cally Insulating m aterial.
3 5  Preferably w here  tire a p p a ra tu s  In accor­
d ance with this Invention is inc luded  in n 
d isplay device a p lio spho r layer is included  
and is a rranged  so  tha t w hen  an e lectron  
b eam  is form ed it im pinges upon  a sp o t upon  
4 0  said layer w hereby  to excite the  sam e  and  
preferably said  enve lope  has a portion  form ed 
as a faceplate  on  tho in terior of w hich  said  
p h o spho r layer Is p rov ided .
A ccording to a fea tu re  of th is Invention a 
4 5  video signal rep roduc ing  ap p a ra tu s  Includes 
ap p a ra tu s  as desc rib ed  above.
A ccording to  a fea tu re  of the Invention In Its 
th ird  asp ec t a c a th o d e  ray tube  a p p a ra tu s  
com prises a plurality  o f e longa te  c a th o d e  
5 0  m em bers a rranged  In a grid form ation, a 
.p lurality  of e longa te  a n o d e  m em b e rs  a rran g ed  
in a grid form ation w ith  said  grid  of an o d e  
m em bers su p e rim p o sed  over said  grid  of ca'tli- 
odo m em bers, b u t sp ace  therefrom , w ith said  
5 5  anodo  m em bers in crossing  re la tionsh ip  w ith 
said catfiodo m em b ers  to form a m atrix, eacfi 
of said cathode m em b ers  fiaving a  plurality  of 
liolos en tering  in to  its surface facing said  grid 
of anodo m em bers an d  each  of said  an o d e  
GO m em bers having a plurality  of h o les pass in g  
th e re th rough , w ith e ach  hole in on anode  
m em ber a ligned w ith  a  hole in a d ifferen t one  
of the  cathodo m em b ers  and , su p e rim p o sed  
over sa id  grid of anodo  m em b ers  on  tfio side  
6 5  thereof rem ote  from  said  grid of ca th o d e
m om bors, a phospho r scroen, tho tw o grids 
being enclosed  w ithin on onvolopo having a 
g a s  filling from w hich all surfaces of said • 
cathodo m em bers, except for surfaces within 
7 0  said ho les In said  cathodo m om bprs, w hich 
w ould othorw lso be exposed  to  said gas  filling 
aro iso lated  tiiorofrom by electrically insulating 
m aterial, an d  the  w hole nrrangom ont being 
such  th a t by applying a h igh  potential bo- 
7 5  tw een  on e  of said  anodo  m em bers end  one of 
said cathodo  m em bers on electron beam  Is 
form ed at tho crossing  poin t of said fast- 
m en tioned  tw o m em bers, said  electron beam  
being  ex tensive in tho  space  betw een  tfio 
8 0  m ou th  of th e  hole In the  cathode  m em ber at 
said crossing  po in t ohd said  anode  m em ber, 
said  beam  p en e tra ting  th rough  the  co rre­
spond ing  hole in said  add ressed  anode m em ­
ber to im pinge upon a  sp o t upon  said  phos- 
8 5  p ho r w hereby  to  excite th e  sam e . ■
A ccording to a fifth asp ec t of the Invention 
tho longitud inal axis of said  hole Is obliqua to  
tho norm al of said front surface, and  (lie 
e lectron  b eam  Is form ed norm al to  sold front 
9 0  surface  of sa id  hole. The Inventors d iscovered 
d ie t, w hen  th e  hole Is a rranged  with Its longi­
tud inal axis Inclined to  tho  norm al of tfie front 
surface, an  e lectron  b eam  Is no t form ed paral­
lel to  (he aforesaid  axis a s  m ight be  expected  
9 5  bu t Is In fact, surprisingly , form ed In a  d irec­
tion norm al to  the  front surface. VYIiere In (his 
specification tho  term  "n o rm al" . Is u sed . It 
should  bo taken  to  Include "substan tia lly  nor­
m a l" . A pparatus utilising this principle m ay 
1 0 0  be  usefu l w here , for exam ple, space  Is re­
stricted  and  it w ould not bo possible to  em ­
ploy a device in w hich the  hole is errangod 
norm al to (lie surface of tho ca thode. Also 
m anufac tu re  of (lie device is facilitated since 
10 5  only the  direction of tho front surface n eed  bo 
accurately  m acliined . . * -
Such  ap p ara tu s  m ay  Include a plurality of 
ho les in said  front su rface , a t least one  of said  
ho les hav ing  its longitud inal axis oblique to 
1 1 0  tfio norm al of said  front surface at th a t hole, 
sucfi tlia t upon  tfio applica tion  of said suitably 
h igh vo ltage  e lectron  beam s are form ed ex ten ­
sive norm al to  said  fron t surface  at and  In a 
d irection aw ay  from  respec tive  ho les. S ince 
1 1 5  tho configuration  of tho front surface  w as _
found by th e  Inventors to  de te rm ine  the  direc­
tion of e lec tron  b ea m s p ro d u ced , a desired  
p a tte rn  of e lectron  b e a m s o r concen tra tion  of 
electron  beam s m ay be  ach ieved  w itfiout ^
1 2 0  costly m ach in ing . For exam ple . If a plurality of 
beam s w hich  are m utually  parallel ere  re ­
qu ired  tfio ho les n e e d  n o t bo drilled In precise 
relationsh ip  to eacfi o th e r, a s  m igh t have been  
tlioughl, a s  only th e  fron t su rface  n eed  be 
12 5  m ade  flat. Of cou rso  tho  front su rface  can  be 
cu rved  if m ore com plex  p a tte rn s  are  required, 
and  b e cau se  of len iency  In tho  disposition  of 
tho holes th e  catfiodo  m em b er m a y  b e  more 
convenien tly  sfiapod  for a des ired  application,
1 3 0  A ccording to  a  six th  a sp e c t o f th e  Invention
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Ihore Is provided nppara tus for form ing oloc- 
tron b eam s com prising, w ithin on envelope, 
on anode  m om bor; a ca thode  m em ber of 
electrically conductive m aterial hav ing  a front 
5 surface w hich Is cu rved ; end  a gas  filling, and  
w liorcin, except for o piurolity of d isc re te  p a rts  
of the  said front surface, a t least substan tia lly  
tho w hole of the  su rface  of sa id  catfiodo 
m em ber w hich w ould  o therw ise  bo exposed  to 
10 tho gas filling w ithin said  envelope Is covered  
w ith an  electrically Insulating m aterial, tho 
wlioto a rran g em en t being  such  tha t upon  tho 
application of a suitably  h igh  voltage be tw een  
said anode  m em ber and  said  ca thode  m em ber 
1 5 electron b eam s are form ed extensive norm al 
to said front surface at and  In a direction aw ay 
from respective parts.
It Is p referred  that, w here  there  nro n p lu ra l­
ity of electron beam s form ed, tho  front su rface  
2 0  is curved  such th a t they  arc  focussed  or
co n cen tra ted  at a point or sm all reg ion . This Is 
a particularly useful configura tion  providing 
appara tu s suitable  for Inclusion In an  e lectron  
beam  w elder, or os a point sou rce  of soft X- 
2 5  rays or Incandescen t black bo d y  radiation .
A ccording to a seven th  a sp e c t of this Inven­
tion there Is Includod a layer of ph o sp h o r 
m aterial on a view able sc reen  a rran g ed  such  
tha t upon  the  application  of said  su itab ly  h igh 
3 0  voltage th e  electron  beam  Im pinges upon  said  
p hospho r layer an d  so  excites th e  sam e.
According to a fea tu re  of th e  sev en th  a sp e c t 
of th is Invention a d isplay a p p a ra tu s  com ­
prises. w ithin an envelope, a layer o f pfios- 
3 5  phor m aterial on a v iew able sc reen ; rem o te  
from said  pfiospfior layer, a m etallic  c a th o d e  
m em ber having  a hole form ed In a front 
surface thereof; b e tw een  sa id  catfiodo m em ­
ber and  said  phospfior layer, an  ap crtu red  
4 0  an ode  e lectrode; and  a g as  filling, and  
w herein , except v^lthin sa id  ho le , a t least 
substan tia lly  the  w hole of th e  su rface  of said  
ca thode  m em ber wfiich w ould o therw ise  be 
exposed  to the  g as filling w itfiin said  envelope 
4 5  is covered  w ith an electrically insu la ting  m a­
terial. the  w hole a rrangem en t be in g  such  tha t 
upon  the  application of a su itab ly  high vo ltage 
b e tw een  said  anode  m em ber an d  Said ca th o d e  
m em ber on elecrron beam  is form ed extensive 
5 0  in ihc space  betw een  tlie m ou th  of the  hole In 
said catfiode m em ber and sa id  an o d e  m em ­
ber, and  is arranged  to p en e tra te  th rough  an  
apertu re  in said  an ode  m em b er to im pinge 
upon said phospfior layer a n d  so  excite the  
5 5  sam e.
Preferably said  envelope h a s  a portion 
form ed as a faceplate  upon  the  inner su rface  
of whicfi said phospho r layer is prov ided ,
Tiic app a ra tu s  m ay include a m odula ting  
6 0  grid provided to a lfcct the  s tren g th  or in ten ­
sity of the  electron  b eam  im pinging  upon  said  
phospfior layer.
Said m odula ting  grid m ay b e  a perfo ra ted  
grid or gauze p rovided  c itlier b e tw een  said  
6 5  anode  m em ber end  said p h o sp h o r layer o r
• be tw een  said  anodo m em ber and  said  ca th o d e  
m om bor. In olfior em bodim onts of tho inven­
tion said  m odula ting  grid com prises a ring 
grid prov ided  w ithin the  m ou th  of sold fiole In 
7 0  said  cathodo  m om bor. In th is last m en tioned  
case  preferab ly  on electrical connection  for 
said grid is taken  oui. In Insulated  fashion 
th rough  said  co thode m em ber In a d irection 
aw ay from said  anode  m em ber. I.e. th rough  
7 5  the  b ase  of said ca th o d e  m em ber.
W here , a s  is p referab le, e lectrical con n ec ­
tion to said  catfiodo m em ber is prov ided  for 
by m ean s  of on electrical connec to r connoctod  
to the  b a se  of sa id  ca th o d e  m om bor. sa id  last 
8 0  m en tioned  co nnec to r Is preferab ly  In tho form  
of a hollow  cylinder witfi on electrical co n n ec ­
tor for sa id  grid p assing . In Insu la ted  fashion, 
the re th ro u g h .
Tfiero m ay  bo provided  a sing le  hole In said  
OS c a th o d e  m em b er w ith  a co rrespond ing  single 
ap e rtu re  In sa id  anodo m em ber b u t a lte rn a­
tively a plurality  of ho les m ay bo provided  In 
said  ca th o d e  m em b er w ith a co rrespond ing  
plurality of ho les In sa id  an ode  m em ber,
9 0  W here a plurality of ho les en d  a p e rtu re s  are  
provided th e se  m ay be In ring form ation , w ith  
or w ithou t a cen tra l d isp o sed  fiolo an d  aper­
tu re .
A ccording to a feature of th e  seco n d  asp ec t 
9 5  o f the  invention  tliyratron ap p a ra tu s  co m ­
prises, w ith in  on envelope, an  an o d e  m em ber; 
a c a th o d e  m em b er of electrically conduc tive  
m aterial an d  having  a hole in a  fron t su rface  
thereof; an d  a gas filling, an d  w here in , excep t 
1 0 0  w ithin sa id  ho le , a t least substan tia lly  th e
wfiole of th e  surface  of said  c a th o d o  m em b er 
w hich  w ould  o therw ise  be  exposed  to  th e  g a s  
filling witfiin sa id  envelope Is covered  w ith  an  
electrically Insulating m aterial, th e  w hole  er- 
1 0 5  ra n g em en t being  such  tha t u p o n  the  ap p lica­
tion of a su itab ly  h igh voltage b e tw e en  said  
an o d e  m em ber an d  said ca th o d e  m em b er an 
electron  b eam  is form ed ex tensive  in a d irec­
tion aw ay from  said  hole,
1 1 0  Preferably  said  c a th o d e  m em b er h a s  a p lu ­
rality of ho les in the front su rface  thereof, 
such  tha t u p o n  application  of a su itab ly  h igh  
vo ltage  e lec tron  beam s are form d ex tensive  in 
a d irec tion  aw ay from respec tive  ho les, an d  it 
1 15 is p referred  tha t sa id  front su rface  is curved , 
sucfi tha t som a focussing  of tho e lectron  
beam s to  a po in t m ay be o b ta in ed . Also it is 
p re ferred , w here  tho front su rface  is cu rved , 
th a t a t least one  of said  ho les h a s  its longitu- 
1 2 0  d inal axis ob lique  to the  norm al of sa id  front 
su rface  a t th a t hole, Tho c a th o d e  m em b er 
m ay  form  th e  ca thodo  of a tliy ra tron , or 
ad v an tag eo u sly  therm ionic m ateria l m ay bo 
included  an d  a rran g ed  sucfi th a t w h en  an  
1 2 5  e lec tron  b eam  or beam s are  form ed th ey  h ea t 
tho sam e . This hea ting  m ay be d irec t or 
indirect. For exam ple, a su b s tra te  carry ing  tho 
therm ion ic  m aterial m ay be  ex p o sed  to  tho 
e lectron  beam  or beam s a n d  h e a t tran sm itted  
1 3 0  to th e  therm ion ic  m ateria l by  c o n d u c tio n .
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AltornDtîvoly, w hon tho e lectron  boom  is 
form ed, it m ay  bo orrongod to Ionize tho gas  
lining in o localised reg ion , and  so  im prove 
opera ting  charac te ris tics  of a thy ra tron , and  
5 tidvontageously  llie longitud inal axis of th e  
hole Is oblique to tho norm al of said  front 
surface at the  hole, enab ling  tho ca th o d e  
m em ber to bo acco m m o d a ted  in a restric ted  
space . Of course , m ore th an  one such  ca thodo  
1 0  m em ber m ay bo em ployed .
A ccording to an e ig h th  a sp ec t of tho inven­
tion said front su rface  Is sh ap ed  to  focus said  
electron beam . Thus even  w here  only one  
hole is em ployed  tho electron  b eam  m ay bo 
1 5 focussed . Each poin t of tho surface  o round tho  
m outh  of tho hole an d  at its ed g e  m ay bo 
though t of os d irecting  co m p o n en ts  of tho 
electron  beam  norm al to tlio surface  a t rospcc- 
tivo poin ts. Thus by providing tho surface  w ith  
2 0  a certain  configura tion , for exam ple a cotivex 
shape  or advan tageously  a frusto-conical c o n ­
figuration, w ith tho holo being  centrally  fo- 
cotod, B desired  d eg re e  of focussing  m ay bo 
o b ta ined . For exam ple, tho e lectron  b eam  m ay 
2 5  bo focussed  to  a po in t o t ir could  bo focussed  
m erely enough  to  aid In fu rther co llim ation of 
tho electron b eam .
G enerally the , or e ach  hole In a ca thodo  
m em ber is blind, and  preferab ly  of circular 
3 0  cross-section.
Preferably said  in su la ting  m aterial in su la ting  
surfaces of said  c a th o d e  m em ber, o r plurality 
of cathodo m em bers, from  said  g as  filling is 
g lass, but w here  sa id  c a th o d e  m em ber, or 
3 5  m em bers, is of on onod isab ic  m etal, such  as 
alum inium  or titan ium , tho insulating m aterial 
m ay be anodisation .
Preforobly said  c a th o d e  an d  anodo m em ­
bers ore of Kovor (R .T.M .) bu t o ther m eta ls  o r 
4 0  alloys m ay be u sed , such  os alum lnium m  
copper or tu n g sten , or of m olybdenum , ta n ta ­
lum  or o ther refractory  m eta ls  lor h igh  cu rren t 
u se .
G enerally said  enve lope  Is of g lass or 
4 5  quartz.
P referably the  side wall an d  b ase  su rfaces 
of each  hole is en tirely  free of a covering  of 
electrically insu lating  m aterial.
A num ber of g ases , or m ixture of g a se s ,
5 0  m ay be u sed  for said  g a s  filling including  
helium  a n d /o r  a rgon  a n d /o r  deu te riu m  a n ­
d /o r  neon . The hole size an d  vo ltages app lied  
ore re la ted  to tiie type  of gas em ployed . 
Typically, hole sizes for a rgon  are 0 .2  to  0 .1  
5 5  of the  size of those  for helium , giving th e  
possibility  of m ore com pact dev ices.
Preferably said gas filling is a t a p re ssu re  of 
b e tw een  0 ,5  and 2 .5  mO.
Normally the  fiigher vo ltage  u tilised  to ad- 
6 0  d ress  tfio anode a n d  ca th o d e  m em b ers  is from  
I to 5 kV and  preforobly  be tw een  1 an d  2 .5  
kV.
The invention is furtlior d escribed  by w ay  of 
exam ple w ith roleronco to  tho accom pany ing  
6 5  d raw ings In w hich;
Figura f Is a schem atic  cross-section of one 
sim ple electron ic d isplay device In accordance 
w ith tho p re sen t Invention;
Figaro 2  and  3  illustrate m odifications of 
7 0  tho dovico illustrated  In Fig. 1, liko references 
being  u sed  for liko parts  In Figs. 1 to 3 ;
Figaro 4 and  S  aro explanatory  graphs; 
Figaro 6  show s. In longitudinal cross-sec­
tion, an o th e r exam ple of on electron beam  
7 5  device In acco rdance  w ith tho presen t Inven­
tion;
Figaro 7 is a schom ntic  cross-Scctlon 
tfirough a flat sc reen  cathodo  ray display 
dovico In accordanco  w ith  tho p resen t Invon- 
8 0  tion;
Figaro 6  illustrates In porspoctive part of tho 
Insulating slab  2 0  of Fig. 7;
Figaro 9  lilustratos, part b roken  aw ay, one  
c longato  anodo  m em b e r A u sed  In tho device 
8 5  of Fig. 7;
Figaro fO  illustrates, p art broken away, one  
e longa te  ca thodo  m em b er C u tilised In Fig. 7 ;
Figaro f f Is a perspec tive  view , part broken 
aw ay, of on assem bly  of ca thodo  and  anode  
9 0  m em b ers  w ith (ho slab  of insu lating  m atorlal 
show n In Fig. 8 san dw iched  therebe tw een ;
Figaro 12 is a schem atic  d iagram  Illustrat­
ing tho opera tion  of tho  dovico illustrated In - 
Figs. 7 to 11;
9 5  Figaro f 3  is a schem atic  cross-section
th rough  an o th e r fiat sc reen  ca thodo  ray device 
In acco rdance  w ith  tho  p resen t Invention;
Figaro 14 illustrates In perspective  p art of 
the  device of Fig. 13;
1 0 0  Figaro f 5  illustrates in perspective part of 
tho device of Fig. 1 3; v/ith liko re fe ren ce s 
being u sed  for like parts;
Figaro f £» is a schem atic  cross-section  of a 
d isp lay  dovico In acco rdance  w ith the  Invon- 
1 0 5  tion;
Figaro f 7 is a schcm 'atic cross-section  of 
an o th er d isp lay  dovico In acco rdance  w ith  tho  
invention;
Figaro 181s a perspec tive  view , p art b roken 
1 1 0  aw ay, and
Figaro 19 a cross-sectional view , of yet 
a n o th e r  device in acco rdanco  w ith  th e  Inven­
tion;
Figure 2(7 show s a long itud inal sec tion  of a 
1 1 5  further ap p ara tu s  In acco rdance  w ith  tho  In­
vention;
Figaro 21 Is n fongitudinaf sec tion  of 
an o th e r ep p ara tu s  In acco rd an ce  w ith  the  in­
vention;
1 2 0  Figaro 2 2  illustrates a th y ra tron  In accor­
d ance  w ith the  Invention;
Figaro 2 3  illustra tes an o th e r thy ratron  In 
accordance  w ith  (lie Invention;
Figaro 2 4  show s yet a n o th e r  thy ra tron  In 
1 2 5  accordance  w ith  the  Invention ;
Figaro 2 5  lilustratos a ca th o d e  m em b er In 
a cco rdance  witfi th e  invention ;
Figaro 2 6  show s a n o th e r  ca th o d o  m em ber: 
and1 3 0  Figaro 2 7  Illustrâtes a n o th e r  dev ice  In a c -
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cordanco  w ilh tho Invention.
rtolcrring to Fig. 1, n dovico com prises  o 
quartz  cnvclopo of w hich only  ono  portion  1 Is 
show n. Tho onvolopo portion 1 Is p rov ided  a s  
5 a faceplate  having on its Interior a layer 2 of 
phospfior m aterial sim ilar to th a t u sed  In c o n ­
ventional cathodo ray d isplay tu b e s . Associ- 
oted witfi tfic pfiospfior layer 2 Is a tra n sp a r­
en t m etal layer (not show n b u t som bw hat akin 
10 to tfio tran sparen t m etal layer form ing p art of 
tfio screen  of a conventional ca thodo  ray tube) 
betw een  the layer 2 an d  th e  facep la te . Tho 
faceplate  form ed by tho portion 1 of tho 
envelope of the  dovico is tra n sp a ren t.
15 W ithin the  envelope an d  at the  en d  thereo f 
opposite  to tfie faceplate  portion 1. Is a c a th ­
ode m em ber 3 whicfi com prises a block 4 of 
Kovar having  a blind hole 5 form ed there in . In 
tills cnso by drilling coaxially w ith th e  axis of 
2 0  cylindrical sym m etry  6 of tfio dev ice . Tho 
open  m outh  of the  fiolo 5 faces tfio p lio sp h o r 
layer 2 . In the base  of the  block 4 , ad jacen t 
tfio blind end  of the  hole 5, a co n n ec tin g  pin 
7 is Inserted  so os to enab le  electrical co n n cc- 
2 5  tion to bo m ade  to the  Kovar block 4 .
All of tho external su rfaces of tho Kovar 
cathodo block 4 . w ith tho exception  of tho 
wall and  b ase  surfaces of th e  blind hole 5 , 
w hich w ould otherw ise  bo exp o sed  to a g a s  
3 0  filling w ithin the  envelope of th e  device are 
covered by electrically Isolating m aterial rep re ­
sen ted  at 0 . In this exam ple, th e  in su la ting  
m aterial 0  is g lass.
Oclw cen the  ca th o d e  3 an d  tho  p lio spho r 
3 5  layer 2 is an anode  e lec trode 9  w hich  h a s  a 
circular hole 10  passing  th e re th ro u g h . C ircular 
fiole 10 is coaxially aligned  w ith  the  blind 
holo 5 w ithin the  Kovar block 4 ,
It vrill be no ted  that the  ca th o d o  3 is devo id  
4 0  of a hea te r as such , or any e lec tron  em issive  
ca thode  m a tc ria l,'su ch  as barium .
The envelope of the  tu b e  is filled w ith 
helium  ot a p ressu re  of b e tw e en  0 .2  a n d  10  
ml).
4 5  As so far described  the  device is In its 
sim plest form . For the  m om en t it v/lll be  
a ssum ed  that grid 1 1. show n  b e tw een  the  
anode electrode 9 and  the  p h o sp h o r layer 2 , 
is ab sen t.
5 0  Provided that the d im ensions of the  ca thodo  
and  anode  fioles 5 an d  10 a n d  the  spac ing  of 
the  anodo 9 to the  ca thodo  3 Is su itab ly  
chosen , a type of electrical d ischarge  will bo 
cslab lishcd  bolv/ecn the  an o d e  9 an d  the  
55  ca thode  3 w hich resu lts In the  form ation  of an 
electron  beam  along (he axis G of the  coaxially 
aligned anode  and  cathodo  h o les  w h en  a 
po ten tia l difference in the  ran g e  of from  se v ­
eral hun d red  volts to  several th o u sa n d  vo lts is 
6 0  estab lished  betw een  the  anodo  9 and  tho 
block 4 of ca thode  3. Witfiin lim its, tfio e lec­
tron beam  acqu ires energy  approx im ately  
equal to the anode  to c a th o d e  po ten tia l differ­
ence  and  so ex tends into tho reg ion  bey o n d  
6 5  tho an ode  holo 10  to im p inge , finally, upon
the  p h o spho r layer 2 th u s  exciting It.
Thus, In operation , w henever a po ten tial os 
aforesaid  Is e s tab lished  b e tw een  anodo  9 an d  
block 4 of cathodo  3 , tho  resu lting  electron 
7 0  beam  cau se s  a spo t to a p p ea r  on  the  sc reen  t 
duo to excitation of tho p h o spho r layer 2. 
W hilst tho a fo rem entioned  d im ensions end  
spacing  m ay bo arrived a t em pirically. In tho 
particular exam ple illustrated  In Fig. 1. tho 
7 5  cathode  an d  an ode  ho les wore of 5 m m  
d iam eter. W ith a g as filling of helium  ot a 
p ressu re  of 2 mB and  a po ten tia l d ifference 
betw een  anodo 9 an d  cathodo  3 of approxi­
m ately  1 .5  kV, the  device w as found  to  
8 0  o p era te  w ith a spac ing  b e tw ee n  th e  p lane  of 
the  anode  9 and  tho surface  of tho  ph o sp h o r 
layer 2 of up  to a few  cen tim etres , an d  a 
spacing  be tw een  the nnode  9 an d  th e  ca th o d e  
3  of at least 3 m m . W ith the  above-m en tioned  
0 5  poten tial d ifference of 1 .6  kV tho  cu rren t 
draw n from  th e  ca th o d e , w as  of tho  o rder of 
15 mA.
R everting to  tho afo rem entioned  grid
11— by In troducing a contro l g rid , m odula- 
9 0  tion of th e  in tensity  or energy  of th e  e lectron  
beam  arriving a t the  surface  of th e  p h o sp h o r 
layer 2 m ay be  ach ieved  by vary ing  a  p o ten ­
tial applied  to  tho  grid 11 . A lternatively or 
additionally varying th e  po ten tia l be tw een  the  
9 5  an ode  9  and  tho ca th o d e  3  will p ro d u ce  or 
en h an ce  a m odula tion  effect b u t, of cou rse . It 
Is m uch  loss conven ien t to  app ly  m odu lation  
at h igh po ten tia l. '
Referring to  Fig. 2, tho e ssen tia l d ifference 
1 0 0  b e tw een  th e  dev ice  show n In Fig. 2 and  tho 
device show n In Fig. 1 resides in th e  fact th a t 
a m esh  grid such  as 11 in Fig. 1 Is no t 
p rovided b e tw een  the  an ode  9  and  th e  p h o s ­
p ho r layer 2 . Instead , a ring grid 1 V  is 
1 0 5  provided w ithin  th e  m ou th  of tfio b lind  fiole 5 
In th e  Kovar block 4 . Electrical co nnec tion  Is 
m ade to tho ring grid 1 1 ' by m oans of a 
connec to r passing  ou t th rough  th e  b a se  of tfie 
Kovar block 4 . In fact. Instead  of a p in  7 
1 1 0  m aking co n tac t w ith the  block 4 tho  co n tac t, 
here  refe renced  7 ',  Is cylindrical w ith  (he 
connec ting  lead  for the  grid 1 1 ' p assin g  coax­
ially th e re th ro u g h  in insu la ted  fash ion . Al­
th o u g h  not shov/n  in Fig. 2 , in su lting  m ateria l 
1 1 5  w ould be  p rovided  to  suppo rt the  co n n ec tin g  
lead  for th e  grid 11 w ithin th e  cylindrical 
co n nec to r 7 '.
R eferring to  Fig. 3 , In th is cose , co m p ared  
to Fig. 1, tho position  of th e  grid 11 is 
1 2 0  ch an g e d . In stead  of providing this b e tw e en  
an o d e  9 a n d  tho ph o sp h o r layer 2 it Is p ro ­
vided  b e tw een  the an o d e  9 and  tho ca th o d e
3 . In som e ca se s  th is m ay bo p re ferred  since  
a relatively low er voltago is requ ired  com p ared  
1 2 5  to  that requ ired  w ith  tho grid In the  position  
show n  in Fig. 1.
The g rap h  of Fig. 4  show s th e  re la tionsh ip  
be tw een  beam  curren t I a n d  ca th o d e  fall vol­
tago  V (i.e. tho  vo ltago  app lied  b e tw e e n  anodo 
1 3 0  and  ca thode) for difforent g as filling p re ssu re s .
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for B dovico ns describod  obovo hav ing  ca th ­
odo and  anodo holos of 5 m m  in diam otor.
In any of tlio o m b od im cn ts  d escrib ed  obovo 
witfi reference to Figs. 1. 2 and  3 , in s te a d  of 
5 a single cathodo  hole and  a sing le  an ode  hole 
a plurality of blind fioles m ay  bo prov ided  In 
the  Kovar block 4  w ith each  ca th o d o  holo 
being  cooxiaily aligned  w ith o co rrespond ing  
hole passing  th rough  the  onode m em b er 9 .
10  Typically In such  a cose, tho h o les will be  
a rranged  in a ring form ation, w ith  o r w ithou t 
co thode an d  onode ho les on cen tre . The effect 
ochieved using  a plurality of ca thodo  and  
nnode holes in a sim ple device ns illustrated  
15 In Figs. 1 to  3 , is tha t th e  a reas of excitation 
thus created  In the  p h o sp h o r layer 2 te n d  to 
m erge to p roduce o larger illum inated  spo t (or 
o ther prescribed  p a tte rn  os d e te rm in ed  by th e  
pa tte rn  of holes on  tho facep la te  1) th an  
2 0  w ould  otherw ise bo th e  case .
The g raph  of Fig. 5 show s p a ram e te rs  for 
this fast-m entioned  case  co rresp o n d in g  to 
those  Shown in the  graph of Fig. 4  for th is 
em bod im en t show n in Fig.. 1.
2 5  O ne opplication for a device as d escribed  
above is in largo area  d isplays such  as th ose  som etim es found In public  p laces in o rder to 
im part inform ation, e .g . in airport te rm ina ls  o r 
sports a reas. By arrang ing  dev ices such  as  
3 0  those  described  above in row s an d  co lum ns 
an d  addressing  individual dev ices appropri* 
otely, le tters and  w ords— a n d  even  g ra ­
phics— m ay be p ro d u ced .
Referring to Fig. 6 , an o th e r dev ice In accor- 
3 5  d ance  w ith the  invention includes a g lass  
envelope 1 2 w hich is of generally  circular 
cross-section and  has a transverse ly  ex tend ing  
side-arm  1 3 abou t m id-w ay along  Its len g th .
An anode m em ber 14 ex tends th ro u g h  th e  
4 0  end  wall ot the side-arm  13 and  into the  m ain 
part of the volum e enc lo sed  by the  envelope 
12 .
A ca thode  m em ber 15 p a sse s  th ro u g h  an 
e n d  wall of the  enve lope  12 . ft fias a s tem  
4 5  portion ISA  an d  an  en la rg ed  en d  15B w ith  a  
blind hole 16 of circu lar cross-section  in its 
front surface. All of the  su rfaces of the  ca th ­
ode m em ber 15 co n ta in ed  w ithin th e  enve l­
ope 12 , except for the  side wall ond  b a se  
5 0  su rfaces of the  hole 16 , arc  coa ted  w ith  a 
layer of g lass 17 . The envelope 12  co n ta in s  
helium  at a p ressu re  of 2 mB.
fn operation , a po ten tia l d ifference of abou t 
1 kV is applied  acro ss  th e  an o d e  an d  catfiodo 
5 5  m em bers 14 an d  15  ond  an  e lec tron  b eam  is 
form ed along the  axis A -A  of th e  ho le 16.
The envelope 12 lias a leng th  of a b o u t 7 
cm  an d  a d iam ete r of ab o u t 3 .5  cm .
The anode  and  ca th o d e  m em b ers  14 an d  
6 0  15 are sep a ra ted  by approx im ate ly  1 cm  in 
the  axial d irection  an d  0 ,5  cm  in th e  
tran sverse  d irection. Tho d iam eter of tho  hole 
16 is 5 m m , w ith  o d e p th  (i.e. oxial leng th ) of 
3 m m .
6 5  Referring to  Figs. 7 to 11 a d isp lay  device
com prises a plurality of e longate cathode 
m em bers C l to  C4 orrongod pnraltol to  one 
an o th e r to  form  a grid. Each cathodo m em ber, 
as show n In Fig. 10, com prises a bar of f(ovar 
7 0  having ot regu lar intervals along its length  
blind ho les 18 . Tho holes 18 extend into the  
sam e  p lanar surface of tho cothode rnem bor. 
Each ca th o d e  m em ber Is provided w ith an 
electrical connec to r (not show n) by m eans of 
7 6  w hich  It m ay be individually addressed .
S uperim posed  above the  grid of cathodo 
m em bers Is a grid of parallel elongate anode 
m em bers A1 to AS each  of w hich consists of 
a b ar of Kovar having a series of holes 19 
8 0  passing  the re th ro u g h  from ono p lanar face to 
Its opposite  p lanar face as illustrated In Fig. 9 . 
Tho pitch  of the  ho les 19 in on anode  m em ­
ber co rre sp o n d s  to tfie spacing  betw een  tho 
c a th o d e  m em bers in the  ca thode  grid an d  the  
8 5  spac ing  of the  an o d e  m em bers in the anode  
grid co rresp o n d s to the  p itch  of the  ca thode  
holes IB  In a ca thodo  m em ber so tha t each  
ca th o d e  hole 18 is aligned, w ith an  anodô hole 
19 a t th e  crossing  po in t of the  anode and  
9 0  ca thodo  co nducto rs  In w hich  those  particular 
ho les ap p ea r.
S andw iched  b e tw een  the  grid of ca thode  
m em bers ond  the  grid  of anode m em bers is a 
s lab  2 0  of g lass  w hich  h a s  row s and  co lum ns 
9 5  of ho les  21 there in  ex tending  from one m ajor 
p lanar face to its opposite  m ajor p lanar face, 
a s  illustrated  in Fig. 8 . The rows_ and co lum ns 
of ho les are  sp aced  such  tha t wfibn th e  slab  is 
san dw iched  b e tw een  the  grid of ca thode  
1 0 0  m em bers and  the  grid of anode  m em bers, as 
show n in Fig. 1 1 , each  aligned ca thode  and  
a n o d e  ho le  a t the  crossing  poin t of an  an o d e  
an d  ca th o d e  m em ber is also a ligned  w ith  a 
holo in the  slab  of insu lating  m aterial 2 0 .
1 0 5  T hus, the  holes 21 in the  insulating slab  2 0  
perm it com m unication  botv/ecn appropria te  
o nes of tho c a th o d e  and  an ode  holes 10 and  
1 9 bu t im pede  com m unication  be tw een  each  
catfiode fiolo and  o th e r than  the  anode  holes 
1 1 0  witfi w hich it is d irectly  a ligned . Thus the
tendency  for so-called  Tong p a th "  d ischarges 
to  take  p lace  Is red u ced .
S uperim posed  over th e  grid of an o d e  m em ­
bers  is a ph o sp h o r sc reen  com prising  of a 
1 1 5  layer of ph o sp h o r m aterial 2 2  on  the  Inside of 
p art of an  enclosing  envelope w hich  Is form ed 
as a facep la te  2 3 . A ssocia ted  w ith th e  layer 
2 2  of p h o spho r m ateria l is a tran sp a ren t layer 
of conductive  m aterial (som ew hat akin to  tho 
12 0  tran sp a ren t m eta l layer of tho  pho sp h o r screen  
of a conven tional ca thodo  ray tu b e  device) 
b e tw een  tfie p h o sp h o r layer 2 2  and  tho face­
p la te  2 3 . The en ve lope  in th is case  Is of g lass 
an d  enc lo ses tlio an o d e  an d  cathodo  m em bers 
1 2 5  to ge ther, of co u rse , w ith  tho in te rposed  slab 
of insu lating  m aterial 2 0 . _ ,
The enve lope  h a s  a gas  filling of helium  
and , a s  illustrated  only in f=ig. 7 , each  cathode 
m em ber C is en tirely  covered  vyith an  electri- 
1 3 0  cally iso lating  layer 2 4  of g lass, except w ithin
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«ho holos 1 0. Thus, sovo for tho wall and  boso 
surfaces of tho holos 18 oil su rfaces of tho 
catfiodo m om bors w hich w ould othorw lso bo 
oxposod to tho helium  gas filling aro isolated 
5 therefrom . In fact, save for tho in terior su r­
faces of the  holos 10 as aforesaid , all su rfaces 
at catfiodo poten tia l ore so  iso lated  from tho 
gas filling. In this particu lar caso  tho wall and  
base surfaces of tfio ho les 18 ore entirely  free 
10 from g lass. In this particular exam ple tho 
catfiode ond onode holes 10 a n d  21 a re  of 
circular cross-section  w ith a d iam otor of 5 
m m . Tho helium  g as filling is a t a p ressu re  o f 
2 niO, Tho distance  separa ting  the  grid of 
1 5 cathodo m em bers from tfie grid of anode  
m em bers (i.e. tho th ickness of the  slab  2 0 ) is 
n few m illim etres whilst tho d istance  sep a ra t­
ing the  grid of anode m em bers from tho 
phospho r foyer 2 2  Is In tho reg ion  of 0 .5  to  2 
2 0  cm .If now , an d  referring particularly to Fig. 12 , 
a 1.5 kV potential d ifference is estab lished  
betw een  cathode ' m em ber C2 a n d  anode 
m em ber A4 than  en electron  beam  will bo 
2 5  form ed In the  region of tho c rossing  po in t of 
m em bers C2 and  A4 w hich b eam  ex tends 
from out of tho m outh  of the  ca thodo  hole 18  
nt tho crossing  point th rough  th e  c o rresp o n d ­
ing holo In tho Insulating slab  2 0  to ponotrato  
3 0  through tho correspond ing  onode hole 19 In 
onode m em bers A4 ond Im pinge upon  th e  
phosphor screen  to form a sp o t ns rep resen ted  
at S In Fig. 12 . By add ressing  differen t co m ­
binations of onode m em bers ond  cathodo  
3 5  m em bers co rresponding  sp o ts  m ay  be  cau se d  
to ap p ea r on  the  screen  at any  of the  c rossing  
points and  by suitably  ch ang ing  tho co m bina­
tion of crossing  po in ts se lec ted  an  an im ated  
display m ay bo achieved .
4 0  ffo  m ention  h as so  far b een  m ad e  of grid 
25  show n In Fig. 7 as located  be tw een  the  
grid of anode  m em bers A an d  tho pho sp h o r 
layer 2 2 . Tho pu rpose  of th is g rid . If p rovided , 
is to m odu la te  tho Intensity  or en erg y  of the 
4 5  electron beam s arriving ot th e  phospho r.
Alternatively, w ith or w ithou t th e  grid 2 5 . 
the overall in tensity  or energy  of tho electrons 
beam s m ay be  m odu la ted  or ad ju s ted  by 
appropriate  alterations to the  onode to cath- 
5 0  ode discharge cu rren t a s  d e te rm in ed  by tho 
voltage applied  betw een  tho ca th o d e  and  a n ­
ode m em bers.
In ano ther em bod im en t a grid 2 6  Is em ­
b ed d ed  In the  slab  2 0 , os show n  in Figs, 13 
5 5  ond 14 . and  m ay com prise o gauze  or as 
m etal plate having holes v/hich co rrespond  to 
the  anode  and  cathodo  ho les, os illustrated in 
Figs. 15.
It v/ill bo no ted  particularly tho ab sen ce  of 
6 0  any form  of conventional e lec tron  gun . Mo 
cathode ficalcrs ore em ployed  in the  dovico 
illustrated, tfie ca th o d es  being  cold  ca th o d es , 
and no ca thode  m aterial such  a s  barium  Is 
em ployed .
6 5  Witfi re ference  to  Fig. 1 6 , anotfior em b o d i­
m ent of tho  invention includes a catfiodo 
m em ber 2 7  of Kovar having a fiolo 2 0  of 
abou t 5  m m  d iam eter In Its front surface and  
being  enclosed  in a g lass onvolopo 2 9  v/hich 
7 0  also con ta ins helium  gas at a p ressu re  of 
ab o u t 2  mB and  h as a layer of phosphor on 
its Inner su rface  to  form  a sc reen  3 0 . Tfio 
surfaces of tho ca thode  m om bor 2 7 , except 
the  side wall ond b ase  of tfio hole 2 8 , aro 
7 5  covered  In a g lass layer 3 1 , whicfi electrically 
insu lates tfie ca th o d e  m em ber 2 7  from  the 
helium  g as filling. Electrical connection  to the  
ca thode  m om bor 2 7  is m ode via a pin 3 2  
w hich Is sh ea th ed  w ith a layer 3 3  of g lass.
8 0  An anodo m em ber 3 4  Is located  betw een  
the  front su rface  of the  catfiodo m om bor 2 7  
and  the phospfior screen  3 0 , being  ab o u t 2 
cm  from tho ca th o d e  m em ber 2 7 , and  2 cm  
from the  sc reen  3 0 . Tfie an ode  m em b er 3 4  Is 
8 5  also offset from  tho axis X-X  of the  hole 2 8 , 
being  abou t 2  cm  to  (lie right os show n.
W fion a 1 .5  kV potential d ifference Is e s ta b ­
lished b e tw een  tho ca th o d e  m em b er 2 7  and  
tho anodo m em ber 3 4 , an e lectron  beam  is 
9 0  form ed along the  oxis X -X  of tho hole, oven 
though  the  anodo m em ber 3 4  Is o ffse t from 
th a t axis. Tho electron  b eam  Im pinges o n  th e  
p liosphor screen  3 0  to  form  a spo t.
The in tensity  of tho sp o t m ay be  varied  by 
9 5  m odulating  the  vo ltage applied  to a grid elec­
trode 3 5 , slibw n in th is em bod im en t to  be 
positioned  be tw een  the  screen  3 0  and  the  
anodo m em ber 3 4 , a lthough it could  bo lo­
cated  be tw een  tho anode  and  ca th o d e  m em - 
1 0 0  bors 3 4  an d  2 7 .
A further em bod im en t of tho Invention Is 
illustrated schem atically  In Fig. 1 7 . A ca thodo  
m em ber 36  of Kovar h a s  a holo 3 7  In its front 
su rface  and  is co a ted  w ith an electrically Insu- 
10 5  laling layer of g lass 3 8 . The cathodo  m em b er 
3 6  is con ta ined  w ithin a g lass enve lope  3 9  
having on  its Inner surface  a fayer of p h o s ­
phor wfiich ac ts  a s  a screen  4 0 . an d  enclosing  
helium  g a s  a t 2 mB p ressu re . Tho catfiodo 
1 1 0  m em ber 3 6  Is electrically c o n n ec ted  via a pin 
4 1 , wfiich is a lso  co a led  in g lass 4 2 , form ing 
a s tem . In th is em bod im en t a K ovar an o d e  
m em ber 4 3  is located  befiind th e  front surface  
of the  c a th o d e  m em ber 3 6  an d  is positioned  
1 1 5  co  axially w ith it ab o u t the  p in  4 1 .
W hen  In opera tion  a po ten tia l d ifference of
1 .5  kV is app lied  betw een  tfio c a th o d e  a n d  
an ode  m om fiers 3 6  and  4 3 , on e lectron  b eam  
form s a long  tho axis Y -Y  of tfio fiole 3 7  a n d  
1 2 0  Im pinges on the  screen  4 0 .
As in the  previously d escribed  em b o d i­
m en ts , a m odu la ting  grid m ay also  be In­
c luded . a n d /o r  m odulation  m ay be carried  ou t 
by varying tho poten tia l d ifference app lied .
1 2 5  The fiolo 3 7  h a s  a d iam eter of ab o u t 5 m m  
and  the  front surface of the  catfiode  m om bor 
3 6  m ay bo be tw een  a few m illim etres a n d  a 
few cen tim e tres  from tho screen  4 0 .
Yet an o th er em bod im en t of th e  Invention  Is 
1 3 0  now  d escrib ed  w ith reference  to  Figs. 18  an d
GD2 1G3140A
19. A plurotily of Kovor strips, only tw o of 
whicfi 4 4  a n d  4 5  aro show n, oro orrongod 
poralici to oach o thor on  a g lass s lab  4 6 . Each 
of tho strips h as a plurality  of ap ertu res 
5 th rough  It, only four of whicfi, 4 7 , 4 0 , 4 9  
ond 5 0 : 5 1 , 5 2 , 53  ond 5 4  are show n for 
each  strip. Each strips form s on an ode  m em ­
ber, electrical signals being  applied  to  th em  
via rods 55  end  5 6 .
10  C athode m om bors 5 7  to 6 4  are  of Kovar 
and  have stem s ex tend ing  th rough  tho ap e r­
tu res In the  strips 4 4  an d  4 5 , thoro being  one 
cathode  m em ber to each  apertu re , and  p a ss ­
ing th rough  tho g lass slab  4 6 . Tho su rfaces of 
15 each  cathodo m em ber, including tho co n n ec t­
ing pin com prising its s tem , aro co a ted  In 
g lass layers 6 5  ond 6 6  excep t for tho side 
wall and  base  of tho s ing le  hole In oach o nes 
front surface.
2 0  The ends of the  ca thodo  m em bers 5 7  to 6 4  
on tho side of tfio g lass s lab  4 6  otfier th an  the  
anode Strips 4 4  and  4 5  are co n n ec ted  via 
rods 6 7 , 6 0 , 6 9  an d  7 0 , such  tha t one  
catfiode m em ber a ssoc ia ted  with on e  strip  Is 
2 5  electrically connec ted  to a cathodo  m em b er 
associa ted  witfi each  of th e  o ther strips, giving 
a crossing relationsh ip  b e tw een  tho ca th o d e  
and  anodo m em bers. T hus, by apply ing  a 
potential difference be tw een  a su itab le  cath- 
3 0  ode m em ber end  anodo strip, on e lectron  
beam  m ay be form ed in front of th a t c a th o d e  
m em ber.
By placing the  s tructu re  within an envelope 
filled with helium  at 2 mB p ressu re , ond 
3 5  having a phospfior scroen  on Its Inner su rface , a display m ay bo p roduced .
The front surfaces of the  catfiodo m em bers 
57 to 6 4  m ay be os little as 5 m m  from tho 
surface of tho screen , an d  o po ten tial differ- 
4 0  enco betw een  tho onode ond cathodo m em ­
bers of 1 .5  kV w ould bo required .
W ith reference to Fig. 2 0 , a tho ra tcd  tu n g ­
sten  ca thode  m em ber 71 lias a stem  7 2  via 
w hich electrical connection  Is m ade, an d  Is 
4 5  covered w ith a layer 73  of electrically Insulat­
ing glass wfiich olso ex ten d s  to the  s tem  7 2 .
An anode  m em ber 7 4  su rrounds ond Is coax­
ial w ith tfio stem  72 ,
Tho cathode  m em b er 71 has a front su rface  
5 0  75  in w hich is form ed a b lind holo 7 6  of 
circular cross-section, be ing  5  m m  d e e p  end  
having a diam otor of a b o u t 1 .5  m m , an d  
having surfaces w hich aro free of the  layer 7 3  
of g lass. Tho front su rface  73  Is inclined w ith 
55  respec t to the  hole 7 6  su ch  tha t the  long itud i­
nal axis of the  hole 7 6 , show n  as broken  line 
77 , is oblique to tho norm al 70  of the  front 
surface 7 5  ot tha t po in t, tfie angle b e tw een  
tlicm  tjoing about 30*.
GO The cathode  and an ode  a rrangem en t is e n ­
closed within a g lass envelope vdiicfi also 
contains 0 gas filling of d eu terium  et ab o u t 2 
mB p ressu re .
In operation , w hon a su itab ly  h igh  vo ltage ,
6 5  say  2 kV, Is estab lished  be tw een  th e  an o d e
and  the  ca thode  m em bers 7 4  and  7 1 , on 
electron beam  Is form ed extensive In a d irec­
tion aw ay from tho holo 7 6  and  norm al to tfio 
front surface  7 5 . If, as illustrated  a wall 7 9 ,
7 0  w hich m ight be  for exam ple th e  wall of tfio 
envelope or som e o ther obstruction . Is p re­
sen t, th is could  restric t tfio space  availablo to  
tho a rrangem en t. By giving a suitable  Incline 
to tfio front surface 7 5  tho hole 76  can  have a 
7 6  dep th  w hich m ight not bo possible If Its ' 
longitudinal axis 77  wore a rranged  to bo 
parallel to the  norm al 7 0  to  the  front surface 
7 5 ,
W ith roforonco to Fig. 2 1 , a thora tcd  tung - 
8 0  Sion catfiode m em ber 8 0  Is connected  to  slom  
81 ond is con ta ined  w ithin an  envelope (not 
show n) togotlinr w ith a deu terium  gas filling 
ot abou t 2  mB pressu re  ond on anodo m em ­
ber 0 2 ,  w hich  Is coaxial w ith ond  su rrounds 
8 5  tho stem  8 1 .
Tho ca thodo  m em b er 0 0  ond  slom  81 oro 
coated  w ith a layer 8 3  of g lass whicfi electri­
cally Insu la tes them  from tho  deuterium  gas  
filling.
9 0  A plurality of ho les 8 4  or form ed In a front 
surface 8 5  of tho ca th o d e  m em ber 8 0 , each  
of them  being  of circular cross-section w ith a 
d iam eter of oboiit 1 .5  m m  and  a dep th  of 5 
m m  and  having  su rfaces w hich  are free of the  
9 5  layer 8 3  of g lass . Tfio front surface 8 5  Is
curved , for exam ple . It m ay  be parobolically o r 
spherically sh ap ed , ra th e r th a n  th e  flat surface 
7 5  show n In Fig. 2 0 .
In operation , w hon a v o ltag e 'o f abou t 2 kV 
1 0 0  Is applied  be tw een  th e  ca th o d e  and  anode  
m em bers 8 0  and  8 2  a plurality of electron  
b eam s are  form ed ex tensive norm al to  tfio 
front su rface  8 5  ot and  in d irections aw ay ' 
from respective  holes, ond com e to a focus at 
1 05  a point 0 6  wliicii is located according to  the 
configuration of tfio front surface 0 5 .
A lthough tho holes 0 4  oro illustrated os 
being  d isposed  m utually  parallel, they  could  
be  a rranged  in som e o th e r viray, since their 
1 1 0  Bitltlide d oes not affect tlio d irections of the  
e lec trons beam s w hich  are  form ed during  o p ­
eration.
A pparatus accord ing  to  tho  Invention In 
whicfi tlio surface is cu rved  to  p roduce  such  
1 1 5  focussing  m ight find app lica tion  in an  electron 
beam  w eldor, for exam ple . In w hich  caso  the  
p iece being  v/nlded m ay also  be for exam ple 
con ta ined  w ithin the  enve lope . It m igh t also 
find application  In the  p roduction  of a poin t 
1 2 0  source of soft X-rays, hav ing  a w aveleng th  of 
abou t 6 .1 0 " * ‘’m, for u se  In sp ec tro scopy  for 
exam ple, or to g en e ra te  a po in t source  of 
Incondescent black body  rad ia tion .
W ith reference  to  Fig. 2 2 , a thy ra tron  In 
1 2 5  accordance witfi the  Invention Includes a g lass 
onvolopo 8 7 . con ta in ing  a g as filling, an  a n ­
ode  0 0 , a screen  grid  8 9  an d  contro l grids 9 0  
an d  9 1 , such  os m ight be found  In a co n v en ­
tional thy ra tron . H ow ever, Instead  of th e  con- 
1 3 0  vontionafly prov ided  h e a te d  c a th o d e , th e  catfi-
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ode com prises a cothode m em b er 9 2  of tu n g ­
s ten  having a plurality of holos 9 3  In Its front 
surface, facing tho onode 8 8 . Tfio surface of 
the  cathodo m em ber 9 2  is entirely covered  
5 w ith a gloss layer 9 4  except for the  walls an d  
bases  of tho holos 9 3 . W hon tho thyratron  Is 
required  to becom e conducting  a suitably  high 
voltago is applied  betw een  th e  a n o d e  8 8  and  
the cathodo  m em ber 9 2  such  th a t an  electron  
10  beam  is form ed extensive in a d irection aw ay 
from each  hole. Tho gas filling b ecom es Ion­
ized and a conduction  pa th  Is estab lished  
betw een  the  onode 8 8  and  ca thodo  m em ber 
9 2 .
10 Referring to Fig. 2 3 . ano ther thy ra tron  In 
accordance w ith the  invention includes 0  g lass 
envelope 9 5  contain ing  a gas filling, on a n o d e  
9 6 , a screen  grid 9 7  end  contro ls g rids 9 0  
and 9 9 . It also Includes a conventional h ea te d  
2 0  cathodo, com prising e hollow  cylinder 1 0 0  of 
therm ionic m aterial ond  a h ea te r filam ent 
1 0 1 . '
Two cathodo m em bers 1 0 2  ond 1 0 3  oro 
focntcd w ithin tho g lass envelope 9 5 . Each 
2 5  h as 0 fiolo 104  and  105  In Its front su rface  
and is coa ted  with a g lass layer 1 0 8  an d  1 0 7 . 
The longitudinal axes of tho ho les 1 0 4  ond 
1 0 5  ore oblique to tho front su rfaces of the  
cathodo m em bers 1 0 2  and  1 0 3 . The ca thodo  
3 0  m em bers 102  ond 103  also liove s tem  po r­
tions 1 0 8  ond 109  w hich are su rrounded  by 
coaxial enode  m em bers 1 1 0  ond  111 re sp ec ­
tively.
During operation  of tho thy ratron , tho ther- 
3 5  m ionic m aterial 1 0 0  is h ea ted  by the  hea te r 
filam ent 101 causing  e lectrons to  be  em itted  
from its surface. The em itted  e lec trons Ionize 
that part of the  gas filling be tw een  the  co n ­
trols grids 9 8  and  9 9  ond the  ca th o d e  to 
4 0  estab lish  a prim ary d ischarge . T hen co nven ­
tionally, to trigger the  tliyratron, a positive 
voltage pu lse Is applied  to  tho con tro l g rids 
9 8  and  9 9 , ollowing the  d isch a rg e  to  p e n e ­
trate th rough  them  to initiate the  m ain  dis- 
4 5  charge, and  tfius to render tho thy ra tron  co n ­
ducting . However, in addition to  th is, a vol­
tago m ay be  opplied bolv/ecn the  cathode  
m em bers 1 0 2  ond 1 0 3  and  tho  ca th o d e  
m em bers 1 1 0  ond 111 respectively , sucfi th a t 
5 0  electrons beam s oro form ed ex tensive of tfio 
fioles 104  a n d  105  and  norm ol to tfie front 
surfaces of the  ca thode  m em bers 1 0 2  end  
10 3 . their pa th  being  sfiov/n by b roken  lines 
1 12 and  1 13 . Those b eam s m ay be form ed 
5 5  sim ultaneously  witfi. or sfiortfy before or oltor, 
tfio application of tfie voltage p u lse  to the 
control g rids 9 8  and  9 9 . The beam s nro 
a rranged  to  pass th rough  ap e rtu res In tho 
control g rids 9 8  and  9 9  an d  p en e tra te  Into 
GO the  volum e beyond  them , to ionize the  g a s  
filling.
The ca th o d e  m om bors could  bo located  
e lsew here w ithin  tho onvolopo 9 5  if it is 
desired  to p rom ote  ionization In othor reg ions 
6 5  of tho thy ra tron , and  of co u rse  on ly  ono, or
m ore than  tw o ca th o d e  m om bors could  be 
used .W ith roforonco to Fig. 2 4 , anothor thyratron 
includes n g lass onvolopo 1 1 4 , gas filling, on 
7 0  onode 1 1 5 , a sc reen  grid 116  and  control 
grids 1 1 7  and  1 1 8 . Tho tliyratron includes a 
therm ionic co thode 1 1 9  having therm ionic 
m aterial 1 2 0  carriod by a su b stra te  121 of 
h igh therm al conductiv ity  w hich m ay be 
7 5  nickel, for exam ple. A catfiodo m em ber 1 2 2  
of tu ngsten  Is positioned  on tho su b stra te  side 
of tho cathodo  1 2 0 . The catfiodo m em ber 
1 2 2  has a plurality of ho les 1 2 3  in Its front 
surface w hich is concave. The surface  of tho 
8 0  cathode  m em b er 1 2 2 , oxqept for tho walls 
and  b ases  of finies 1 2 3 , are covered  w ith a 
layer 1 2 4  of g lass. An anode  m em ber 1 2 5  
su rrounds tho  ca thodo  m em ber 1 2 2 .
In operation , a voltago Is opplied betw een  
6 5  tfie anode m em b er 1 2 5  en d  th e  ca th o d e
m om bor 1 2 2  sucfi th a t a beam  of e lec trons Is 
form ed extensive of eacfi hole. Tho curved 
surface of tho block 1 2 2  gives a focussing 
effect, end  the  e lec trons oro d irected  to  Im- 
9 0  plngo on  (lie su b stra te  1 2 1 , their kinetic e n ­
ergy being  converted  Into liea t. H eat Is c o n ­
duc ted  to  the  therm ionic m oterlal 1 2 0  causing  
electrons to  bo em itted  to  p ro duce  Ionization 
of the gas filling.
9 5  W ith refe rence  to Fig. 2 6 , a c a th o d e  m em ­
ber is form ed by Inserting a tu n g s te n  cylindri­
cal rod 1 2 6  Into a hollow  tu b e  1 2 7  of an  
electrically insu lating  m aterial, su ch  as a ce ra ­
mic or g lass.
1 0 0  Fig, 2 6  Illustrates anotfior ca thodo  m em ber 
In w hich a tu n g sten  rod  1 28  is Inserted  Into a 
hollow  m etal tu b e  1 2 9 , w hich m ay  olso bo of 
tungsten , Ond a ceram ic  tu b e  1 3 0  Is fitted 
over the  m etal tu b e  1 2 9 . Any m eta l su rfaces 
1 0 5  w hich w ould  be exposed  In u se  to  a gas filling 
m ay then  bo covered  w ith an insu lating  layer. 
By em ploying  catfiodo m em b ers  of th is typo 
no drilling is requ ired , a s  It Is w ith  th ose  
previously described .
1 1 0  W ith re ference  to Fig. 2 7 , a device in 
accordance w ith  th e  invention  com prises 
w ithin an envelope (not show n) v/fiicfi also 
contains a g a s  filling, a cylindrical catfiodo 
m em ber 131 having  a s tem  portion  1 3 2  via 
1 1 5  wfiich electrical co nnec tion  Is m ad e  to  the  
ca thode  m em b er 1 3 1 , The ca th o d o  m em b er 
131 has a front surface  1 3 2  of circular 
transverse  cross section  v/hich is of a d ish e d ' 
or frusto-conical configura tion , the  front sur- 
1 2 0  face being  inclined sucfi tfiat the  leng th  of tho  
cathodo  m em b er 131 a long  Its axis 2 -Z  In­
creases from  its cen tre  to  its c ircum ference . 
Olfior su rface  configuration  m ay  of courso  bo 
em ployed If d esired . A hole 1 3 3  is loca ted  In 
1 2 5  tho cen tre  of the  front su rface  1 3 2  and  Is 
coaxial w ith  axis Z -Z  of the  ca th o d e  m em b er 
13 1 . Tfio su rfaces of tho  ca thodo  m em ber 
131 and  th e  stem  portion  1 3 2  oro covered  
w ith a layer 1 3 4  of electrically  Insulating 
1 3 0  g lass, and  an  an o d e  m em b e r 1 3 5  su rrounds
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ond Is cooxlal w ith the  s tem  portion  1 3 2 .
W hon a voltago Is app lied  be tw een  tho 
cathode  m em ber 131 ond  tho onode m orpbor 
1 3 5  on electron  b eam  is form ed ex tensive of 
5 the  hole 1 3 3 . The beam  is form ed In a 
direction norm al to the  front su rface  1 3 2 . 
S ince at tho ed g e  of tho holo 1 3 3  tho front 
surface 1 3 2  Is Inclined, co m p o n en ts  of the  
beam  at points a ro u n d  tho ed g e  of tho hole 
10 133  ore d irected  tow ards tho oxis Z -Z , such  
tha t the  beam  Is b rough t to  a focus F. The 
position of tho focus F d e p en d s  on the  
am oun t of Inclination of the  front su rface ,
Such  a device m ay th u s p roduce  a Ions like '
15 action, w ithout the  n eed  for electron  Ions.
If the  front su rface  Is flat th en  a beam  Is 
p roduced  w hich, n ithough It Is highly colli­
m ated . ten d s  to d iverge to  som e ex ten t bo- 
■ cause  of, for exam ple, sca tte ring  p ro cesses.
2 0  By using  a front su rface  hav ing  a sm all d eg ree  
of d ishing, th is ten d en cy  m ay  bo coun ter- • 
ac ted . ' I
CLAIfvIS2 5  1. A pparatus for form ing an  e lec tron
beam  com prises, w ithin  an envelope, an  a n ­
ode m em ber; a ca thodo  m em b er of electrically 
conductive m aterial; an d  a gas filling, and  
w herein , except for part of a front su rface  of 
3 0  said ca thode  m em ber, at feast substan tia lly  
the  w hole of tho su rface  of said c a th o d e  
m em ber w hich w ould  o therw ise  b e  exposed  to 
the gas filling w ithin  said  envelope is covered  
w ith an  electrically insu la ting  m aterial, the 
3 5  w hole a rrangem en t being  such  tha t upon  the 
application  of a suitably  h igh  vo ltage  b e tw een  
said  anode  m em ber an d  said ca th o d e  m em ber 
an eloctron beam  is form ed ex tensive in n 
direction aw ay from  said  p art of said  front 
4 0  surface.
2. A pparatus for form ing an  e lec tron  
beam  com prising, w ithin  an enve lope , an  a n ­
ode m em ber; a ca th o d e  m em b er of electrically 
conductive m aterial an d  hav ing  a holo In a
4 5  front surface thereof; an d  a g as  filling, an d  
w herein , except w ithin  said  holo, ot least 
substan tially  the  w hole of the  su rface  of said  
ca thode  m em ber w hich  w ould  olfiorw lso be  
exposed  to the  gas filling w ith in  said  envelope 
5 0  Is covered w ith on electrically Insu lating  m a­
terial, tho w hole a rran g em en t be ing  such  that 
upon tho application of a su itab ly  h igh  voltago 
betw een  said  anode  m em ber a n d  said  ca thodo  
m em ber an elec tron  beam  Is form ed ex tensive 
55  in a direction nwny from  said holo.
3 . A pparatus os claim ed in claim  2 an d  
v/horein the  nnodo m em b er Is lo ca ted  In front 
of tho front surface of tho ca thodo  m em ber.
4 . A pparatus os c laim ed in claim  3 and  
6 0  including a control g rid  olectrddo th ro u g h
w hich in operation  the  e lectron  b eam  p a sse s .
5. A pparatus os c la im ed  In claim  3 or 4 
and including a p lurality of e lo n g a te  ca thodo  
m em bers arranged  in a grid form ation , an d  a
6 5  plurality of e longa te  onode m om bors e rrangod
In a grid form ation w ith  said  grid of anode  
m om bors suporlm posod  ovor said grid of ca th ­
ode m om bors, bu t sp aced  therefrom , w ith 
said  anodo  m om bors In crossing  re la tionsh ip  
7 0  w ith said  ca thodo  m em bers to  form  a m atrix, 
each  of sold ca thodo  m em bers hav ing  a series 
of ho les en te ring  Into Its su rface  facing sa id  
grid of anodo  m om bors and  oach  of sold 
anodo m em b ers  having  a series of holos pass- 
75  Ing th e re th ro u g h , w ith  oach hole In an  an ode  
m om bor aligned  w ith a hole In a difforent one 
of th e  c a th o d e  m em bers, an d  all su rfaces of 
said c a th o d e  m om bors, oxcopt for the  su rfaces 
w ithin sa id  holos In sold ca thodo  m em bers.
8 0  w hich w ould  othorw lso be exposed  to sa id  g as 
filling are Isolated thorofrom  by electrically 
Insulating m aterial, and  the  w hole  a rran g e ­
m en t be ing  su ch  th a t by apply ing  a h igh  ' 
po ten tia l b e tw een  ono of sa id  an ode  m em b ers  
8 5  and  o n e  o f said  ca thodo  m em b ers  an  e lectron  
boom  Is fo rm ed  ot the  cro ssing  poin t of sa id  
fast-m entioned  tw o m om bors. said  e lectron  
b eam  being  ex tensive  In th e  space  b e tw een  
the  m ou th  of tho  hole In the  ca thode  m em b er 
9 0  ot sa id  crossing  poin t ond  sa id  an ode  m e m ­
ber, said  b eam  being  orrongod to p en e tra te  th rough  the  co rrespond ing  ho le  In said  a d ­
d re sse d  onode m om bor.
6 . A pparatus as claim ed fn claim  5  èrid 
9 5  w herein  Insulating m aterial Is In terposed  b e ­
tw een  sold grid  of ca thodo  m em bers a n d  kald 
grid of an o d e  m em b ers, w h ich  instilnting m a­
terial h a s  p a ssa g e s  the re th ro u g h  a ligned  w ith  
said holes In said  cathode  and  onode m om -
1 0 0  hors v/liercby to perm it com m unication  b e ­
tw een  ono ca th o d e  holo and  app rop ria te  a n ­
ode holo bu t im pede com m unication  b e tw ee n  
tha t ca thodo  holo and  any o ther anodo  Hole.
7 . A ppara tu s os c laim ed In claim  6 an d  
1 0 5  w herein  said  In terposed  Insulating m ateria l Is
provided  In the  form  of a s lab  hav ing  holoS 
ex tend ing  be tw een  Its m ajor surfaced and  
form ing the  said  p a ssag e s . • ' *
0 . A ppara tu s as claim ed In claim  o , 6 or 7 
1 1 0  an d  Including a contro l g rid  e lec trode  located  
on tho Inside of th e  grid of an o d e  m om bors 
othor th a n  th a t on  w hich  th e  grid of c a th o d e  
m em bers Is located ,
9 . A p para tu s a s  c laim ed In claim  5 . 6 or 7 
1 1 5  an d  w herein  o contro l g rid  e lec trode Is located
be tw een  tho grid  of ca th o d e  m em b ers  en d  the  
grid of an o d e  m em bers.
10 . A ppara tu s os c laim ed In claim  9 w hon 
dopondon t on  claim  8 or 7 ond  w herein  tho
1 2 0  grid e lec trode Is em b e d d e d  In th e  In terposed  
Insulating m atorlal.
11 . A ppara tu s as c laim ed In claim  2 an d  
w horein  tho an ode  m em ber Is located  to  one  
side of th e  axis of the  e iec tron  b eam  form ed
1 2 5  In operation .
12 . A ppara tu s os c la im ed  In claim  2 and  
w herein  tho anodo  m em ber Is located  beh ind  
sold front surface  of tho ca th o d e  m em ber.
13 . A ppara tu s as c laim ed In claim  12 and  
1 3 0  w horein  th e  an ode  m em b er Is co-axial w ith
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tho ca thodo  m om bor.
14 . A pparatus ns claim od In claim  12 or 
1 3 ond Including n grid oloctrodo through  
w hich  in opera tion  tho eloctron beam  p asse s .
5 1 5 . A pparatus os claim ed In claim  1 2.
13 , or 14 an d  w herein  there  oro includod o 
plurality of e longated  anode  m om bors, each  
having nportures there in ; end  n plurality of 
s tom m od ca th o d e  m em bers, oach  having n 
10 holo in tho front surfoco thereo f ond  orrongod 
such  thot Its stem  ex tends th rough  ono of said  
apertu res, such th a t each  onode m em ber Is 
located  behind the front su rfaces of co thode  
m em bers v/fioso stem s p ass  th rough  oportu rcs 
1 5 in said  anode m em ber, w hereby  by apply ing  o 
high potential betw een  on onode m em ber and  
one  of the  ca thode  m em bers ex tending  
th rough  on opcrturo there in  on e lectron  beam  
Is form ed extensive In n d irection oway from 
2 0  the  holo in said one of tho cathodo  m om bors.
16 . A pparatus as claim ed In claim  IB  ond 
w herein  a ca thodo  m em ber ex tend ing  th rough  
on aperture  in ono anodo m em b er Is ofoctri- 
cally connec ted  to ono thcr ca thodo  m em ber 
25  extending th rough  on ap e rtu re  In ano thor a n ­
ode m em ber,.
•17. A pparatus as claim ed In claim  16 and  
w herein  8 connecto r connec ting  tw o ca th o d e  
m em bers is sp aced  from  tlte an ode  m em bers 
3 0  by electrically Insulating m aterial,
10 . A pparatus os c laim ed in any p rec ed ­
ing claim  and  Including a p h o sp h o r layer 
a rranged  so  tha t w hon on e lectron  beam  is 
form ed it im pinges upon  a sp o t upon  said  
3 5  layer w hereby  to excite tho  sam e .
19 . A pparatus a s  c laim ed in claim  18  and  
w herein  said envelope h a s  a portion  form ed 
as a facep late  on tho in terior of w hich  said  
phosphor layer is prov ided .
4 0  2 0 , A video signal rep roducing  ap p a ra tu s
including opparotUs os cla im ed  in any p re ce d ­
ing claim .
2 1 . C athodo ray tu b e  a p p a ra tu s  com pris­
ing a plurality of e longa te  ca th o d e  m em bers 
45  a rran g ed  in a grid in form ation, o plurality of 
e longate  anode m em bers a rra n g e d  in a grid 
form ation w ith said grid of an o d e  m em bers 
superim posed  over said  grid  of ca thode  m e m ­
bers. b u t spaced  therefrom , w ith  said anodo 
5 0  m em bers In crossing relationsliip  w ith said  
cathodo m em bers to form  e m atrix, each  of 
said cathode  m em bers having  a plurality of 
holos en tering  into its su rface  facing sa id  grid 
of onode m em bers and  each  of said  anode  
5 5  m om bors having a plurality of holes passing  
there th rough , w ith each  holo in on anodo 
m em ber aligned v/ith a holo in a d ifferent ono 
of tho ca thodo  m em bers ond, sup e rim p o sed  
ovor said grid of onode m em b ers  on the  side 
6 0  thereof rem ote from said  grid of cathodo 
m em bers, o phosphor sc reen , (ho tw o grids 
being  enclosed  v/ithin on onvolopo having a 
gas filling from w hich oil surfocos of said 
cathodo m om bors except for su rfaces w ithin 
6 5  said ho les in said c a th o d e  m om bors, w hich
w ould o therw ise be exposed  to said gas filling 
ore isolated thorofrom  by electrically Insulating m aterial and  tho w hole a rrangem en t being 
such  tfiat by apply ing  o h igh poten tial be- 
7 0  tw een ono of said  anode  m om bors and  one of 
sold cathodo m om bors, on electron beam  is 
form ed ot the  crossing poin t of sold lost- 
m en tioned  tw o m em bers, said  electron beam  
being  oxtonsive In the  space  betw een  the 
7 5  m outh  of tho holo In the  ca thodo  m em b er ot 
sold crossing  poin t and  sa id  onode m em ber, 
sold beam  p en e tra ting  th ro u g h  tho co rre­
sponding  holo In said  add ressed  onode m em ­
ber to  Im pinge upon  o spo t upon  sold phos- 
8 0  phor screen  w hereby  to  excite tho sam e.
2 2 . A pparatus as claim ed In claim  2 end  
w herein  the  longitud inal oxis of sa id  hole Is 
oblique to tho norm al of said  front surface, 
ond tho  electron  b eam  Is form ed norm al to
8 5  said  front surface a t said holo.
2 3 . A pparatus a s  claim ed In claim  2 2  and  
Including n plurality of holos In said  front 
surface, ot least one  o f sa id  ho les fiaving Its 
longitudinal axis oblique to  tho  norm al of said
9 0  surface ot the  hole, such  th a t upon  tho  appli­
cation  of sa id  suitability  h igh  vo ltage  e lectron  
beam s ore form ed ex tensive norm al to  said  
front surface ot and  In a  d irection  aw ay from  
respective ho les.
9 5  2 4 . A pparatus os claim ed In claim  2 3  and
w herein  said  front surface Is curved .
2 5 . A ppara tu s for form ing electron b eam s 
com prising, w ithin  an envelope, on an ode  
m em ber; a c a th o d e  m em ber of electrically
1 0 0  conductive m ateriel having a front surface  
w hich is cu rved ; ond  a g a s  filling, ond 
w herein , excep t for n plurality of d iscre te  p a rts  
of the  said front surface, a t least substan tia lly  
the  w hole of the  surface of sa id  catfiodo 
1 0 5  m em ber w hich  w ould  o therw ise  be exposed  to  
the g as filling w ith in  said enve lope  is covered  
w ith on electrically insu la ting  m aterial, (he 
w hole a rrangem en t being  such  th a t u p o n  tho 
opplicotion of o su itab ly  h igh  vo ltage  be tw een  
1 1 0  said  anodo m em b er end  said  ca thode  m em b er 
e lectron  beam s oro form ed ex tensive norm al 
to  said front surface ot and  in a d irection  aw ay 
from  respective  p arts .
2 6 . A pparatus ns c la im ed  In claim  2 4  o r 
1 1 5  2 5  a n d  w herein  said  front surface  Is cu rved
such  th a t tfie e lectron  b eam s form ed are  fo­
cu ssed  ot n point.
2 7 . A pparatus os claim od In claim  2 2 ,
2 3 , 2 4 . 2 5  or 2 6  an d  w herein  said  onode
1 2 0  m em b er co-oxialiy su rro u n d s  en d  is beh in d  
sa id  front surface  of said  ca th o d e  m em b er.
2 0 , A pparatus os c laim ed in claim  2 ond  
includ ing  a layer of pho sp h o r m oterlal o n  n 
view able sc reen  arranged  su ch  th a t u p o n  tho 
1 2 5  application  of said  suitab ly  h igh  voltage the  
e lectron  beam  Im pinges up o n  sa id  p h o sp h o r 
layer an d  so  excites the  sam e .
2 9 . A pparatus os c la im ed  In claim  2 8  an d  
w herein  said  an ode  m em b er h as on ap e rtu re  
1 3 0  there in  an d  Is located  b e tw een  said  ca th o d o
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m om ber ond said  ph o sp h o r layer, said  oloc- 
Ifon boom being  a rranged  to ponotrato  
th rough  said  opcrturo .
3 0 . A pparatus ns c la im ed  in claim  2 9  and  
5 w herein  the  holo in sa id  co thode  m om bor ond
said  apertu re  in said  an o d e  m om bor aro coaxi­
ally aligned.
3 1 . A pparatus os c laim ed In claim  2 0 , 2 9  
or 3 0  end w horein said  envelope h as a por-
10 tion form ed as a facep la te  upon  tho Inner 
surface of w hich said  p h o sp h o r layer Is p ro ­
vided.3 2 . A pparatus as c la im ed  In any of claim s 
2 8  to 31 including a m odu la ting  grid pro-
15 vided to affect the  s tren g th  or in tensity  of tho 
electron beam  Im pinging upon  said  p h o sp h o r 
layer.3 3 . A pparatus as c la im ed  In claim  3 2  and  
w herein  said m odu la ting  grid is a perfora ted
2 0  grid or gauze provided  be tw een  said anodo  
m em ber and  said p h o sp h o r layer.
3 4 . ’ A pparatus os c la im ed  In claim  3 2  and  
w herein  said m odu la ting  grid o r gauze Is 
provided betw een  said  an o d e  m om ber an d
2 5  said  cathode m om bor,
3 5 . A pparatus os c laim ed in claim  3 2  an d  
w herein  said m odulating  grid com prises a ring 
grid provided w ithin tho m ou th  of said ho le In 
said cathode m em ber.
3 0  3 6 . A pparatus os claim od in claim  3 5  an d
w herein  en electrical con n ec tio n  for said  grid 
Is taken out. in Insulated fash ion , th rough  said  
cathode m em ber In a d irection  aw ay from  sold 
anode m em ber.3 5  3 7 . A pparatus os c laim ed in ony of claim s
28  to 3 6  w herein  cicctrical connection  to  sa id  
cathode m em ber is provided  for by m ean s  of 
a first electrical connec to r c o n n ec ted  to th e  
base of said  ca thode  m em ber.
4 0  3 0 . A pparatus a s  c laim ed in claim  3 7  and
w herein  said first electrical connec to r is preler- 
ably in tho form of a hollow  cylinder.
3 9 . A pparatus os claim ed in claim  3 8  ond 
w herein , w here said m odu la ting  grid com -
4 5  prises » ring grid provided w ithin  the m outh  
of said hole In said ca th o d e  m om ber and  an 
electrical connection  for said  grid is taken  out. 
in insu lated  fashion, th rough  sa id  cathodo  
m em ber in a direction aw ay  from  said anodo  
5 0  m ornber, a second  electrical co n nec to r for sa id  
grid p asses th rough  said  hollow  cylinder.
4 0 . A pparatus as claim ed In any of claim s 
2 8  to 3 9  w herein  a plurality of holes ore 
provided in said ca thode  m em b er and  a corre-
55  spend ing  plurality of ho les aro provided In 
said anode m em ber.
4 I .  Display app a ra tu s  com prising , w ithin  
on envelope, o layer of ph o sp h o r m aterial on 
a view able screen; rem ote  from said  p h o sp h o r 
GO layer, a m etallic cathodo  m em b er having a 
hole form ed in a Iront surface  thereof; be- 
Iv/oon said ca thode  m em ber ond said  p h o s ­
phor layer, an  aportured  an o d e  electrode; ond 
n gas filling, and v/heroin, excep t within said  
6 5  hole at least substan tia lly  tlio w hole of the
surface of sold ca th o d e  m om bor which w ould 
o therw ise bo oxposod to  tho g as filling w ithin 
sold onvolopo is covered w ith an  electrically 
Insulating m aterial, tho w hole orrnngernent 
7 0  being such  that upon  the  opplicotion of a 
suitobly h igh voltage b e tw een  said onode 
m om bor ond said ca thodo  m em ber on electron  
boom  Is form ed extensive In tho spoce b e ­
tw een  tho m outh  of tho holo In said  ca thode  
7 5  m om ber end  said  onode m em ber, and  Is or- 
ranged  to ponetroto  th rough  on oporture in 
soid anode  m em ber to  Im pinge upon  said 
phospho r layer ond so excite tho sam e.
4 2 . Thyrotron opparo tus com prising, '
8 0  within an onvolopo, on anodo m em ber; o
ca thode  m em ber of electrically conductive m a­
terial ond  having a ho le In a  front surface 
thereof; and  a g a s  filling, end  w herein , except 
w ithin sa id  hole, a t least substan tia lly  the  
8 5  w hole of tho surface of said c a th o d e  m em ber 
w hich w ould o therw ise be exposed  to the  gas 
filling w ithin said envelope Is covered  w ith an 
electrically insulating m aterial, tho  w hole ar­
rangem en t being  such  tho t upon  the  epplica- 
9 0  tion of a suitably  h igh  voltage betw een  said 
anodo m om bor an d  said  ca th o d e  m em ber on 
e lectron beam  Is form ed ex tensive  In à d irec­
tion oway from said  fiolo.
4 3 . A pparatus as claim ed In cloim 4 2  and  
9 5  w herein  said ca thode  m em ber h as a plurality
of fioles In the  front su rface  thereof, such  tha t 
upon  application of o suitab ly  h igh  voltage 
electron  b eam s are  form ed ex tensive In a 
d irection aw ay from  respective  ho les.
1 0 0  4 4 . A pparatus os claim ed in claim  4 3  and
w herein  sa id  front surface Is cu rved .
4 5 . A pparatus os claim ed In claim  4 4  end
w herein  ot least one of said ho les has Its
■ longitudinal axis oblique to  th e  norm al of said
10 5  front surface  at tha t hole.
4 6 . A pparatus os claim od in ony of claim s 
4 2  to 4 5 and  including therm ionic m aterial 
arranged  such  tiiat v/lion an electron  b eam , or 
b eam s ore form ed they  heat tho sam e.
1 1 0  4 6 . A pparatus ns claim ed in claim  4 2  ond
w herein , w hen  said  electron  b eam  Is form ed It 
is a rranged  to ionize the  g a s  filling in ,a 
localised region.
4 8 . A pparatus as claim ed in claim  4 7  end
1 1 5  w herein  th e  longitud inal oxis of said  ho le is
ob lique to  tho norm al of sa id  front surface  at 
the  hole.
4 9 . A pparatus os claim ed In claim  2 and  
w herein  said  front surface  is sh a p ed  to  focus
1 2 0  said  e lectron  beam .
5 0 . A ppara tu s as c laim ed in claim  2 or 4 9  
and  w herein  said  front surface  is substan tia lly  
frusto-conical. th e  hole being  centrally  lo­
ca ted .
1 2 5  5 1 , A pparatus os claim ed in any of claim s
2 to 5 0  end  w herein  tho or e ach  hole In a 
c a th o d e  m em b er is blind.
5 2 . A pparatus os claim ed In any  of claim s 
2 to 51 and  w herein  tho or eoch  hole In a
1 3 0  co thode m om bor Is of circular cross-sec tion .
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5 3 . A pparatus os claim ed in any  of claim s 
2 to 52  and  w lioroin 'tho sido wolf an d  b a sa  
surfaces of tho or each  holo in a ca thodo  
m em ber is entirely free of a covering  of oicc-
5 tricnily insulating m aterial.
5 4 . A pparatus os c laim ed in any  p re c e d ­
ing claim and  w herein  said  insu la ting  m ateria l 
insulating surfaces of sa id  ca th o d o  m e m b e r or 
plurality of ca thodo  m om bers from  said  g as
10 filling is g lass.
5 5 . A pparatus os c laim ed in ony p re c e d ­
ing claim  and  w herein  soid c a th o d e  m em b er, 
or plurality of ca thode  m em b ers. Is of Kovar.
5 6 . A pparatus as cla im ed  in any  p rcced - 
15 Ing claim  and  w here  said  nnodo m em b er, o r
plurality of anodo m em bers, is of Kovar.
5 7 . A pparatus os c laim ed In any p re c e d ­
ing claim , and  w herein  sa id  enveiopo  Is of 
glass.
2 0  5 0 . A pparatus a s  cla im ed  In ony p re c e d ­
ing claim and  w herein  tho  said  g as  filling is 
helium .
5 9 , A pparatus as c laim ed in ony p re ced ­
ing claim  and  w herein  said  g a s  filling is ot a
25  pressu re  of betw een  0 .5  an d  2 .5  mB.
6 0 . A pparatus os clairried in any  p re c e d ­
ing claim and v/hercin tho higli vo ltage a p ­
plied betw een  tlio nnode m om bor an d  the  
cathode m em ber is be tw een  1 and  2 .5  kV.
6 1 : A pparatus os c la im ed  in any  p re ce d ­
ing claim  ond v/herein sa id  ca thodo  m e m b er 
is of thoratod tungsten .
6 2 . A pparatus substan tia lly  as illu stra ted  
in ond described  v/ith ro lorenco to Fig. 1 of 
the  accom panying  d raw ings.
6 3 . A pparatus substan tia lly  as illu stra ted  
in ond described  v/ith refe rence  to Fig. 2 of 
tho accom panying  draw ings.
6 4 . A pparatus substan tia lly  as illu stra ted  
4 0  in and  described  w ith re fe rence  to Fig. 3 of
the accom panying  d raw ings.
6 5 . .A p p ara tu s  substan tia lly  as illu stra ted  
in an d  described  w ith re fe ren ce  to Fig. 6  of 
tho accom pany ing  d raw ings.
4 5  6 6 . A pparatus.substan tib lly  as illu stra ted
in ond described  w ith re fe rence  to  Figs. 7 to 
1 2 6f thd accornpanying  d rav /ings. •
6 7 . A pparatus substan tia lly  os illu stra ted  
in and  described  w ith re fe rence  to Figs. 13 to
5 0  15 of the  accom pany ing  d raw ings.
6 8 . A pparatus substan tia lly  as illu stra ted  
in ond described  w ith refe rence  to Fig. 1 6 of 
tho accom pany ing  d raw ings.
6 9 . A pparatus substan tia lly  as illu stra ted  
5 5  in an d  described  w ith re fe rence  to Fig. 1 7 of
the accom pany ing  d raw ings.
7 0 . A pparatus substan tia lly  as illu stra ted  
in and  described  v/ith re fe rence  to Figs. 10 
and  19 of tho accom pany ing  d raw ings.
6 0  7 1 . A pparatus substan tia lly  as illu stra tedin and  d escribed  w ith refe rence  to Fig. 2 0  of 
the  accom panying  drav/ings. .
7 2 . A pparatus substan tia lly  as Illustrated 
in and  described  v/ith rc lo rencc  to Fig. 21 of 
6 5  tho accom panying  d rav /ings.
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7 3 . A pparatus substan tially  os 
in ond  desc rib ed  w ith roforonco to 
tho accom pany ing  d raw ings.
7 4 . A pparatus substan tially  os
.7 0  in and  described  v/ith rnierônco to
tlio accom pany ing  drav/ings.
75 . A ppara tu s substan tia lly  os 
in an d  d escribed  w ith reference  to 
tfio accom pany ing  d raw ings.
7 5  7 6 . A pparatus substan tia lly  os
In ond described  w ith roforonco to the  accom pany ing  d raw ings.
7 7 . A ppara tu s substan tia lly  as 
in an d  d escrib ed  w ith re fe rence  to
0 0  tho accom pany ing  d raw ings.
7 8 . A ppara tu s substan tia lly  os 
in ond described  w ith re fe rence  to 
tho accom pany ing  d raw ings.
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